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The lAB iron-meteorite complex: A group, five subgroups, numerous grouplets, closely

related, mainly formed by crystal segregation in rapidly cooling melts
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Institute of Gee,physics mid planetary I'hy_lcr_.Univcl"slty of CalU'OITItlLLos Angeles. CA 90095-1567. USA

_Ot,_ _ (Recetve,I A,_as_ 7. 2001; a_cepted mrev, sed form January 21. 2002)

A__A_WL present new data tt_r mm meteorites that are members of group lAB or are closely related to

this lar'[lxe g'r_up._and we have aiNt_ reevaluated some ot our earlier data for these irons. At.'_c':=_ LS_..c,-'.,.z _.

__a_t_o d_stln_u_:,n lAB and IIICD irons on the basts of their positions on element-Ni

diagrams._we tiadhthat plotting the new and rcvl_d data yields six sets of compact fields on element-Au
diagrams, each set corresponding t,_ a _.omposmonal group. The largest set includes the majority (,,.,70) of
irons previously designated IA: v,c christened this _t the lAB maan group. The _maining live sets we
designate "subgroups" w_thtn the iAB complex Three of these subgroups have Au contents similar to the

main group, and form parallel trcntl_ on most elcment-Ni diagrams. The groups originally designated IIIC and
IIID are two of these subgroups: they are now well resolved from each other and from the mum group. The

other Iow-Au subgroup has Ni cont:nL_ lust above the mum group. Two other lAB subgroups have appreciably

higher Au contents than the mum group and show weaker compositional links to it. We have named these live

subgroups on the basis hi thor Au and Ni ccmtents. The three subgroups having Au contents similar to the
main group arc the low-Au (I.I _uhgroups. the two others the high-Au (H) subgroups. The Ni contents are

designated hi gh (H). medium (M _._r low (I, 1.Thus the old group I[ID is now the sLH subgroup, the old group
IIIC is the sl.M subgroup. In addition, c_ght irons a_igned to two grouplets plot between sl.L and sLM on
most element-Au diagrams. A large number 127) of related irons plot outside these compact fields but

nonetheless appear to be sulliciently related to also be included in the lAB complex.
Many of these irons contain coarse silicates having similar properties. Most are roughly chondritic in

composition: the malic silicates show evidence of reduction during metamorphism. In each case the silicate
()-isotopic composition ts within the carbonaceous chondrite range ( AlTO <- --t)'3e_°°}" In all but four cases
these are within the so-called lAB range. -_0 _- A_70 _- -o.68ch_" Fine silicates appear to be ubiquitous

in the main group and low-Au subgroups: this requires that viscosities in the parental melt reached high values

before buoyancy could separate the_.
The well-delined mare-group trends on element-Au diagrams provide constraints for evaluating possible

models: we lind the evidence to he most consistent with a crystal segregation model in which solid and melt
are es_nttally at equilibrium. T_ac mum arguments against the mare group having formed by fractional

crystallization arc: a} the small range m Ir. and h) the evidence for rap_d crystallizauon and a high cooling rate
through the 3,-iron stability Iicld. '['hc cwdence lor the latter are the small sizes of the 7-iron crystals parental
to the Widmanstatten pattern and the limited thermal effects recorded in the silicates (including retention of

albitic plagioclase and abundant pnmordial rare gasesl. In contrast- crystal segregation in a cooling metallic
melt (and related processes such .a._incomplete melting and melt migration_ can produce the observed trends

in the mare group. We infer that this melt was formed by impact heating on a porous chondritic body. and that

the melt was initially hotter than the combined mix of silicates and metal in the local region; the melt cooled

rapidly by heat conduction into the cooler surroundings (mainly silicatesL We suggest that the close
compositional relationships between the main group and the low-Au subgroups are the result of similar

processes instigated by independent impact events that occurred either at separate locations on the same
asteroid or on separate but compositionally similar asteroids. Copyright © 2002 Elsevier Science Ltd

the origin of LAB. the other large group. Some (Wasson et al..
1. INTRODUCTION

There arc four large groups of iron meteorites. All re,arch-

ers agree that three of these (IIAB. II1AB. a_d IVA} formed by

efficient fractional crystallization ot a slowly cooling magma

IHaack and Scott. 1993: Wasson and Richardson. 2001). Such

large sets of irons that formed by fractional crystallization are

designated magmaUC groups. There is disagreement regarding

* Aulhot" to whom c_ ndcnc_ should be addt_$e,d

(j.tw_$oll@uei[l_duL
Also at: Department of Earth md Spac_ Sciences and Dclrattment of

Clgtmatry and Bioel_nmma'Y.

1980; Choi et al.. 1995) concluded that it is a nonmagmatic

group formed as impact generated melts with only minor solid/

liquid partitioning effects superposed. Others (Kracher. 1982,

1985" McCoy et al.. 1993; Benedix et al.. 2000) endor'a,_

models involving the fractional crystallization of magnma.

Kelly and Latimer (1977) envisioned lAB irons to be aue(_$-

sive extractions of partial melts from a chondritic source.
Was,son 11999) and Wasson and Richardson (2001) called

attention to the advantages both for taxonomy and for ¢osmo-

chemical modeling of plotting data for the magmatic groupa on

element-Au diagrams, as compared to the traditional ele..-,

ment-Ni diagrams. The chief advantage for those groups it that

..,y
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the total Au range is much larger, but the relative uncertainties

(including sampling effects) are as low or lower than those for

Ni. As a result, trends in the magmauc groups are much bett_r

delined on element-Au than on element-Ni diagrams. In this

pa_r we show that trends involving nonmagmauc group LAB
and similar irons are also better resolved un clcment-Au dia-

grams even though the degree of Au fracuonat,m _ _mall

compared to that observed in the magmatic groups, t )ur new
data set shows that there are several clo,,cty rotated groups

within what we now call the lAB complex

2. ANAI,YTICAL TECHNIQUES. SAMPI,ES. AND
R ESU I .TS

Wc dttcrmln'tgl I_ elements t12 plum I c_ m racial h',in_lrurncnl'dd
ntuU-on-acllVatlonallalysts IINAAI in r_.:plltJal¢ allaivsts, data Ior t'¢
were use_Jfor lntemal Aorln_lZatl(|O, Ihc pn_..edurCsarc those_El'ben hv

\Vas,,a+n¢t al I IUgt;) cxcepl h_" Iwo minor changes Ihc mean ,ample
thickness is now 10 instead ol _ 2 ms. and wc .,,w apply ,mall
_generallv tn the range 095 t1_ 1051 samplc-+'P -`_-Illt- t_)ITL'ClIOIlS[tl
irl+dl_ the NI values 111the lil_l t:ounl a._rec l_.-tlCrwltla lht_st., lr,_m the

third and fourth C()UnLS(which _ cOlTCLlcdIt+ make I'¢ + "gt = t_l_

mglgl. We then +hlx_ a ctlrrm.'lllm lactor Ior the,,¢c_nd i:l=unl ii1= is
iiItgrlnedlatC between that h_r the tir_t and the In¢_,n ,.¢,rrccilon'_ in the

third and lourth cllunts. In most cases, cl+ncen_allit, IFIs _1 ( i¢ w,.¢r¢ alSO

dctcrmmcd on olber samples by radlt_.'hemtcal ntulrtm actis all(in anal-

ysis IRNAAL
Alll_u2h the INAA data were Satired q,_¢r twH-plus dcc'ad_.

slgnihcant improvements in the qualily wcm at-hlcvcd stailJng in ItJg6

As a re.suit, some metclh"ll_ were reMuthgd and LI'I¢ recent analysis

glvCn double weight in the dctcrrninati*mol t_c mean. In rr_st mcte-
onlC=twe had previously detcrrruncdNi by atomlC-..*bs_wptlonspccU'o-
pl_m)mctry: in these cases the Ni meanswere calculated treatmg the
prcvll)US mean 'as _ addililNllal replicate. We have also reevaluated
some older analytical runs to In_.'lNTIor'atP more m,ph|st|catcd conec-
[llllfllS and. in kl l12w C_II_. rcyl._l_ gl)llIC gti_ 'di_'d.s ll_ kiln'eel sy_icmatlc

¢ITOfS.

In Table I thc rnctetmtcsarc Its|_l alphal_tlc',dly together with their

group &ssignmcnts Mean t;omF _ltltms oI lAB irons and related trims
_¢ listed m iablc 2. and previ_msly unr¢l _lntd mdw_dual analyses
,.arncd _ut tn ilr alter 1996 arc hslcd in the Apf_:ndlx. It+ (acilltdlte
ctlmpanson ill Table 2 with _ diagrams, the meteorites art: sorted mto
the new groups tor sets} rcsultmg Irom this sludy and _ listed In order
t_l Incre'_-_tn° Au content within ea_h suhgnmp

Stln'_: ol the means listed in fable 2 dtlfcr lrom published values
because ol minor changes in -_dibrattlm. aum_ changes in the weight-

mg (11replicates, or (in rare case.s)the discovery ol _d'lthllnlCUC(it
ct)pylng el-rors. We csllmatc rclauvc tJ5q conlidt'nc¢ hmlts tm the
hired means to be i .5 to 3% fllr Co. Ni. Ga. it. and Au; 4 to 6% for As
and Ge: 7 u+ 10% for W {values >03 +g/gl. Sb <>2{X)ng/gl. Re +>50

ng/gl, and Pt {>2 _g/gJ. Becau_ much ol the Lr _ in mlno[ phases
imalntv chromateL sampling ernws result m retat|vc confidence limits
,m me + mean > 10%. In addkUtm, mere is an I:e imcrlerence in the

detcrmmanon ol Cr resultmg Irom mc "_41:¢{n- c_|'_Cr Ixst-neutron re-
dcttlm: oursomewhat unc_rtmnestimate ¢11the level of intcrlerenc¢ts

/_gCr pergoi Fc {Wa.ss(m'andRichards_m.2001).Our datawerenot
t:tl_tcd llt)r this intcrlcrt_m_e.

In a few samples mere ts scatt_a amtmg the Cu repl(catcs. Althtmgh
sol1_ o1' [his may reflfcl contllIun_iGll hy Cu-bas¢ dtamond blade, in

a later discussion we suggeSt that I11¢_attcr mainly reflects slt_hastic

sampling of nmtallicCu grm_ thaiaresolneomeslound in IAB inms.
mamly a.ssoctatcdwithFcS (ElCa)r_y.1965).

3. THE CLASSIFICATION OF IRONS BELONGING TO
lAB COMPLEX

3.1. Some History

The roman numeral system of dividing iron meteorites into

fields on me basis of Ga concentration was devised by Gold-

G. w. Kalme.a1¢yn

berg et al. (1951) and Lovering et al. (1957). When Wauon
(1970) discussed the high-Ga meteorites, he restrictedgroup I

to fall within certainrelatively narrow fields on Ge-Ga and

Ge-Ni diagrams: his group I extended down to Balfour Do_.s.

with 56 _g/g Ga and 194 p.g/g Ge. hut he noted that there were
several additional irons that tell along an extrapolation of

fields to Lower concentrations. Wasson (1974) designat_i the

Iow-Ga. low-Ge irons in these extrapolated fields IB irons, and

designated the irons in the original group [ as IA iron& His
view was that these were densely populated and thinly pOlre-

lated parts of a single genetic sequence. Our current, mo_e

complete data set shows this view to be incorrect m detail
A small set of related irons was designated IC by Scott and

Wasson (1976). This group mainly shares relatively high Ga

and Ge contents with lAB. but does not have the high As. Au.

and Sb contents of the latter group. At this time them is no

reason to believe that these irons are closely related m IAB. and

they will not be discussed further in this paper.
Groups 111C and IIID were first described by Wasaon and

Schaudy (1971). who noted that the "groups may be re_ to

each other." Scott (1972) combined the two groups and Scott

and Bild ( 19741 noted that several properties of IIICD members

paralleled those of lAB irons. Scott and Wasson (1975) agreed
that the combined i[ICD set was a single group.

Was.son et al. (1980) extrapolated IIICD elem_at-Ni tnmds

down to low Ni concentrations, reclassifying several Iow-Ni

lAB irons as IIICD on the basis of Ir. Ga. and Ge values that

plotted below the main lAB trend. Choiet at. (1995) continued

this approach and reported a large body ot' new INAA data on
IAB. IIICD. and related irons. Despite these additional high-

quality data. they could resolve no compositional hiatus be-
twin lAB and IIICD on Ga-Ni. Ge-Ni. Ir-Ni. or other ele-

ment-Ni diagrams: they therefore recommended "that the entire

(IAB-IIICD) set be treated as a single group, but with the

proviso that researchers measunn_ properties of possible _ ....

onomic values should continue to,search ,'or hiams.'y _t2_o" u_2

• "" _.
3.2. Compact Data Fields on Element-Au D •

lAB Main Group and Several Related Subgroups

The criteria we used to select iron meteorites with compo-

sitional links to lAB are best discussed after surveying the

properties of the meteorites having thecharacteristicproperties
of this set of meteorites. These criteria are discussed in more

detail in section 3.6. The main threshold values are: Au > 1.3

/_g,/g, As > 10 p.g/g. Co >3.9 me/g. Sb > 180 ng/g. At the
bottom of Table 2 we also list 3 irons that are IAB related (e.g.,

based on O-isotopic compositions) despite having low Au and

As values. There may be other exceptions.

When we plotted our lAB elemental data against Au instead

of Ni we t.ound that. with a small number of exceptions, on

element-Au diagrams except lr-Au and Cr-Au. the data tended

to form compact fields (and in most eases, linear arrays). Most

of the original lAB members (i.e.. those with Ga > 50 pg/g)

form a densely populated cluster having --70 members: we will

callthis the tAB main group and give it the symbol IAB-MG

(or MG when the context is clear).
The Ni-Au diagram (Fig. 1) proved to be the best suited to

resolving this large set of irons into smaller sets of cluny

related irons. In addition to the IAB main group, five subgnmps
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iAB Lron-mcteontc complex

Table t. Assignment of irons belonmng to different camgoneS wttl'un the lAB complex+

Meteonte Group MeteOrite Group Mcteont¢ Grm_

_HH Oscuro Mountains MG

Algarrabo _Ovallel un Garden HcaO MGsill Gay Gtlch sHH OzrcB• MG Pecora Escarp PCA9IOO3 MG
Algoma sLM
Allan Hills ALHA77283 MG Gladstone <lronl
Allan Hills ALHA76002 MG Goose uake sl._ persimmon Creek

Allan Hills ALHA80104 sHH Grosvenor Mt GROqS511 sLL PIB¢ River sl.L

Annaheim sLL Grove Mtn, 98003 un Pills tm

Anoka sLM Guangx_ Coal Mine MG Pittsburg MO
Aswan un Hadm, to'.', n un Pooposo MGMG Purgatory Peak A77(X)6 MG

Bahjol sLL Hasparo', sill Qaral aJ Hana.sh siR.

Balfour Downs sLL Hasst-jckna MG Qucsa UB

Baliinger tUCLA) MG Hope MG Reclding Peak A80226 sLL
B ischtube • LL Id'.tho MG Rifle MG

Black Mountmn MG [tapUru.n _'a MG Rosario MO
Bocanuva np J.a-.dtu MG San Cnstobal _ L l,g._#,.

MG Jcnlun, MG Santa Cathanna un
Bogou
Bohum_lnz MG Jenny , ( reck MGMG Sarcpta

Boliwa MG K'mh I'_"r" _LL ScePiggen MG

Bntstown un Kal_¢ _Jt_l MG
MG KendaA C_,unt_ un Seligman,,HH Seymour MG

Burgav.
Burkett MG Kofa sL_
BurkhaJa un La Se-ena MG Sh_wsburysLM Silver Crown MG

Caddo un Lame',a MG Solcdad¢ MG

Campo del Cielo MG Land,e',. MG
Canyon Dlablo H MG Lewr, Chff LEkV 86540 ,,LH Sauthvtlle
Canyon Dtablo L MG Lcxmgaon County MG Sombret'cte sl-{]..
Carlton ,,LM Lune Creek un SurlmS¢ Spnngs sl.,LsHH TazcweU sLH

Ca_sey County MG Lmvtiie MG Thi¢l Mm {TIL91725) un
Chcbankol _HL Lmw<x_d Toluca sLL

Chuckw',dla MG Livmgston t FN) unsiR. Twin City un

Colfax un Lonaconm_ un
Comanche (tron) ,LL LucOers MG Udci Station
Cookevdle un Maglaesta siiL. Unmcu MG

Coolac MG Magum MG Vaalbult MGsLM Ventura un

Coptapo MG Maltahohe _LL Victoria West sill

Cosby _ Creek MG Mazao,i Watcrvdle an

Cranboume MG Men_n un
Dayton _LH Mesa Verde Park un Wedderburo sl..HMG Wieluta County MG

Deelfontem MG Morasko Wolsey MG

Deport _LL Mount Ayhlf MGMG Motmt Magnet _HH Woodbine un- Wooster sLL
Dongtmg un
Duel Hill (1873) MG Manc_'abtila un
Dungannon MG Muno ndt sLM Wu-Chu-Mu-Chms I-0.. Yarde.a MG

Edmonton t KY) . sLM Muza.lfangur MG
sLM Nag,_-Vazsonv _LL Yenbeme" " MG Yongnmg

"">c,Io5 Egvekanot .,,'"2 sLL Nantan

un Niagara sLL Zaca_cas (1792) (

_/Tk, un No 'We Afnca NWA4,68 un Z.affra

Fairfield (OH) MG No '_VeAfnca NWAI76 np Zagora unMG Zapaliname MG

F611inge _LH Ocottllo MG Ziz MG
Odessa tiron;

Four Comers un sLk
sLH Ogallala

Fmda MG OklJbbeha CounW un
Gahanna

Sec text for group abbn_vtattons un = ungrouped mem0er of lAB complex; np = not plotted, outside Au Limits on diagrams.

and two related grouplets are resolvable on this diagram. For

this reason we have devised a nomenclature for me subgroups

based on their mean Ni and Au contents. As discussed in more

detail later, the low-Au groups all seem to be closely related to

one another, and there is some possibility that several come

from the same parent body; the link between the high-Au

subgroups and the main group is more tenuous. The discovery

of these closely related groups raises serious nomenclature

problems; after considerable thought and discussion, we pro-

pose to designate them subgroups within the lAB complex

rather than independent groups. We will. however, sometim_

use groups as a generic description when refemng to the main

group and one or more subgroups.
'rhc five subgroups have 6 to 15 meml_rs. _ of the_
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Table 2. Mean composition of the irons in the LG'comp|ex. Data listed separately for the main group, the 5 subgroups, the 5 duos, and the 17

_olos. and sorted tn terms of inct_aslng Au widm_ each of the sets of irons.

Mcteonte

Cr Co ",;i Cu Ga Ge As Sb W Re lx Pt An

sip (P-g/g) ling/g) (m_g_ t.._g) +_g/g} (_g/g) _P'gJg) (ng/g) (P-g/g) (ngJ8) fP.f-J8) (/_gJg) (/4/10

lAB main gmup 10.2 256 1.42 349 433 125 1.417
Landes ac 438 2, 51 65.5 317 87.5 414
Burgavlt 28 .4 45 664 168 97.1 519 11.0 1.90 162 1.19 1.435
Duel Hill (1873) 19 .4 b0 67.0 t63 99.4 4.42 11.8 287 1.51 391 4.32 8.6 1.439

New Leipzag 19 .4 65 06.8 12,.9 92.2 445 I 1.3 228 1.47 281 2.95 1.439
25 .44.6 6.47 154 03.1 4.49 [ 1.4 270 1.82 344 2.72 1.44,.$

Cosby's Creek 662 137 92.8 428 10.5 320 1.56 4.47 4.86 10.3 1.457
43 2, 52 3.36 8.8 1.458

Wolsey 29 2, 65 6.4 3 145 89.6 357 11.6 270 1.25 327

Uru_u 23 .4 ,',,2 6-_ _ t 36 95.6 483 10.3 175 1.65 327 3.65 1.461
Magura 400 10.7 180 1.20 210 2.07 6.9 _ 1.461

30 _ 54 _7 5 I-_0 S9.1
Ziz 25 2.65 e,5 9 t49 98.8 456 11.5 341 1.39 421 ..t.38 1.464-

Sa.mpta 2 ! _ _7 67 8 12,7 98.6 a-tO 1l.l 320 1.40 393 3.90 9.7 i.465
Soledade 11.8 235 1.27 202 1.82 5.9 1.466.

Za.paJiname 31 .4 58 67 1 130 84.2
28 o. 61 65 9 156 tO0.O 371 12.4 484 1.56 243 2.72 8.6 1.4611

ChuckwaJta 28 -. 68 _5.2 131 96.0 478 11.5 262 1.33 242 2.57 9.7 1.472
Itapur, mga t _7 97.3 397 11.3 294 1.33 226 2.06 8.1 1.482
Bolivia 21 -_ ev_ 67 0 .- i.485

35 -; 51 699 161 03.5 423 11.1 276 1.42 295 2.84 8.1

Coolac 20 .; za. 70 2 185 $8. I 361 10.7 278 1.30 369 .:.21 1.4t1'/

Ya.rdea 26 2,61 67 8 148 87.8 341 12.1 336 1.25 320 3.20 6.4 1.490
Ballinger, LCLA) 270 1.31 370 355 7.6 1.490
Campo del Cielo ac "_8 2, 58 668 140 93.0 394 I 1.8

20 2, 71 65.6 153 91.8 418 I 1.3 289 1.46 321 2.95 1.490
Gladstone ( u-on) 28 .a _9 66 7 162 93.5 423 12.2 332 1.22 327 3.29 7.2 1.491
Seligmaa 420 [ 1.3 318 [ .55 287 2.56 1.500
Allan Hills ALHA76002 40 2,.48 68.0 153 93.7

29 462 70.8 148 82.6 327 13.0 338 1.11 271 3.61 5.9 1.504 .-

pecora Escarp _81 2,65 70.2 _51 78.7 253 12.0 307 1.22 297 3.88 6.5 1.505
Lue_rs ac .
Morasko <31 .4 53 67 6 154 102.7 500 11.6 269 1.78 124 l.[ 1 1.505

Lmwood at: 12 .l. 54 67 1 136 91.0 374 11.9 325 I. 17 301 2.85 1.5(m
23 .4 60 70.6 148 89.9 402 I 1.2 270 1.35 70 0.75 1.510

Hope 23 466 6.2,2 128 05.9 464 12.0 271 1.43 338 2.92 4.6 1.515

Bl_ek Mountain 24 4 54 65.9 159 102.8 ,.1.93 10.7 250 1.85 108 1.14 1.5 9'1

Se¢iasgen 32 .4 b8 666 148 88.9 376 11,9 294 1.21 166 1.50 i..5215

Jar_ito 20 2, 72 68.8 143 79.8 293 12.8 309 1.01 168 1.79 6.3 1.530
Nan.tan 323 13.0 296 1.06 253 2.42 6.1 1.534

Canyon Diablo Ht' 26 ._63 69.3 148 82.1
Yenbeme 29 J. 72 68.2 159 84.0 319 12.6 338 1.03 319 3.50 5.7 1.535

pooposo ..I.4 .:.63 700 196 79.6 325 I 1.9 328 1.02 246 2.68 1.537
Fairfield. OH 19 -; 70 67 2 143 80.7 329 13.1 373 1.03 161 1.79 5.8 1.537

22 ,.; 51 6g 9 170 797 359 12.1 266 1.19 283 297 1.538

Oscuro Mountains 26 z 70 683 1.45 845 330 13.0 280 1.07 217 2.15 5.4 1.540

Youndegan 24 .z 66 72.3 154 $3.4 321 t3.2 289 1.06 262 2.54 4.7 1.543

Idaho 26 2,60 68.2 139 83.8 372 13.1 350 1.18 168 1.73 1.550

Cranboume 27 .466 66. I _ 54 104 486 [ 2.4 311 1.73 506 5.59 1.550
Haslmxos. 24 4 65 693 t 50 83.0 330 13.0 308 1.07 234 2.19 6.3 ! .552
Canyon Diablo L r' ac
Lexington County_ 20 .,t 58 684 154 82.4 316 13.8 295 t.12 293 2.86 1.555

22 2,,71 68.8 1.41 $2.2 322 136 361 1.13 272 2.41 5.9 1.559

Jennys Creek 23 469 70.6 151 90,0 401 12.1 280 1.16 191 1,90 1,559
Rosario 29 .4 68 67.8 159 87.2 381 12.8 231 1.15 194 1.74 1.562

Seymour 32 2,6.,6 67 9 148 $3.4 342 12.4 373 1.20 210 1.90 1.565

Wichita County 27 2, 49 70.3 160 84.4 306 14.3 336 1.90 150 1.56 4.6 1.576

Deelfontem 25 .4 55 69.2 151 87.7 353 13.1 344 1.28 247 2.16 1.5110

Jenkins 24 4 61 70.7 165 84.6 380 13.5 350 1.02 188 1.84 5.3 1.582
Guangxa Coal Mine 1.01 289 2.81 1.51_
Silver Crown 28 4 61 71 6 142 83.4 321 12,8 312
Oz.mn 31 2, 75 70.9 139 78.5 280 14.1 280 1.02 204 2.59 4.8 1.5116

Rifle 24 .469 705 134 77.2 281 14.4 340 0.88 211 1.94 4.3 1.5['/

Purgatry Pk PGPA77006 22 4 69 72.4 148 78.8 279 14.8 426 0.96 224 2.21 5.5 1,.59"2
21 476 72.8 134 76.7 264 15.4 358 0.88 218 2.04 1.59J

Bohurmlitz 26 4 52 68.3 145 83.6 333 14.8 -- 1.24 281 2.14 1.595

Vaalbuit 16 463 69.3 174 85.4 282 13.1 370 0.96 232 1.87 6.0 i.59"/

Gahanna 20 .2,65 69.2 160 87.1 363 13.8 338 1.05 198 1.88 5.7 !.610
Srrdthville 14.3 311 0.98 242 2.38 5.8 1.611
Odessa tu'on ) gr 34 472 71.9 129 75.0 279

Dongimg _ 4.73 71.2 157 87.8 239 13.9 761 1.02 143 1.71 4.0 1.615
B_ 23 4.64 69.6 170 89.2 370 13.5 5 l0 1.48 267 2.48 !.619

Casey County 22 4.73 69.7 163 81.2 318 13.7 400 1.24 155 1.35 1,.621}

Pit_bm'g 16 468 65.4 130 89.2 359 14.6 291 1.08 234 2.12 6.4- 1.630

Mount Ayliff 26 4.88 73.5 134 80.0 267 15.7 287 0.86 262 2.24 6.9 !.633
(comtmed)
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Table 2. (Continued)

Cr Co "; C u Ga G¢ -ks Sb W Re Ir Pt Au

stl= (_,g/g} (mwg) ,m,-,g_ ,,wg) (_g/g) I_.g/g) (_-g/g) Ing/g) (_-g/g) (ng/g) (_-g/g) (_$/g) (VLg/1O
Meteorite

) _ tAB moan group, continued
Bogou

Coptapo ac

Dungannon

Kaalijarv

La Sercna
Ocott||o ac. n

Alan Hills ALHA77283
O_ _ubgroup _LL lion, Au. ow NI)

) 23 -Xrmahetm
Kate¢ Kloot

Pine Rtver ac

Goo_ Lake

OgaJlala
Wooster

Su_n.se Spnngs

l)eport
Bo, chtu0e
Balfour Do'_, n',
Grosvm" Mm GRO9551 I

Ma.zapd

Toluca
Comanche Itron)

Recking Pk RKPA80226

Elephant Mot
EET83333

Shrewsbury.

Bahlot

Niagara

23 4 67

121 Z 74

27 2. 72

23 .:' 76
16 z "6

24 4 _2

23 .: _7

23 z "4
35 2. "1

II £_2

;o z _4
18 c x2

21 2. 7_

23 a _2

22 .a._7

19 .t "¢6

13 -:_q

ac.gr 23 a '90
19 2. 99

23 2. 88

ac 19 a 88

16 2. _8

21 483

14 501
18 4 9q

: 3 163 78.5 301

"7 9 165 72.6 252

_" 5 t 53 78.8 332
- _ 5 I _9 80.2 293

- , 2 i_l 70:5 20.4.

-)u !16 =2.3 268

- ; I Ia9 72.3 244

--g tas 81.1 320

- q ;_4 "q 6 301

-20 _'_l _0.0 355

,0a 215 741 234

2 4 _2 694 305

2 l_ _8. l 266
-_ I '-4 _6.2 258

,t)O i_Jl 694 264

_t) 5 :_7 6,*8 255

-- g I ;6 67.9 238

,_ 8 !_1 '_8.6 194

•_I 8 ','_6 "2.8 248

,% 8 206 60.2 221

•_,12 l "_0 68.9 245
2.4 176 76.3 270

• 2 6 _73 67.6 255
<) 6 i 84 748 226

,83 217

-94 1-.t6

"9 3 172

,_('_.9 i 89

_,, Nagy-Vazsony

# ...._ >ubgroup sLM (low Au. medium Nt. ongmally IItCPersimmon Creek ,,r.aC 41 5 48 t _"r 9 "_82
15 526 :140 _63

Mahahohe ac 21 _ 56 1180 i_7

-Xnoka 15 ', 50 l 1_6 2-18

Mungandt 21 _ -_8 _2'_ 0 z_
Edmonton i KYI 260
Carlton ac 18 '_67 i x2 312 "_60 i _28 _13

Lamesa II _62 ',430 x59

EgvekmOt

AQ 24_>ubg'roup _LH (low Au. high Nt: onganailv IIID}12 596 1779 371

if" F611inge

flDav'ton
/Tazeweii

d.C

Lewis Cliff LEW 86540

Freda
Wedderburn

(_..___ubgroup silL (htgh-Au. low-Nl_
Chel0ankol

Lonacomng

12 5 02 i'10 235

13 < So i'q 6 :_1

12 5 99 182.9 479

II 6 29 232.1 072

10 6 /2 234 0 _29

19 5 16 ,)1 7 108
29 5 35 _69 168

5 07 98.4 247

14.2

14.4
L3.6

17.0

15.9

13.7

15.1

15.4

13.4

15.0

15.7

16.4

15.9

15.2

16.0

t7.2
16.9

16.6
16.3

18.0

16.5

17.0

17.0

15.7

62.6 196 17.3
697 273 17.1

72.0 266 16.7

72.2 237 18.2

332 78.3 158

24.0 38.5 19.2

17.8 15.7 21.4

18.8 22.2 22.4

142 _4 3 21.3
_19 8 59 235

_31 11.9 24.2

12.6 10.2 25.1

388 315 26.4

485 341 25.2
75 378 26.6

430 2.8 28.8

2.12 2.24 30.1

1.45 147 32.7

22.8 52.5 18.4

24.8 62.1 22.6

19.9 11.3 21.1

304 1.09 194 1.72

326 0.92 287 3.05

351 0.95 242 2.58

573 0.9,1 246 3.04

352 0.66 <70 0.55
313 0.81 256 2.61

312 0.72 <30 0.062

399 1.06 __6 2.16

381 117 372 3.52
475 1.27 103 1.30

376 0.69 305 3.06
391 1.07 210 2.15

341 1.07 270 2.43

308 085 250 2.58

393 0.78 _,2 2.37

a19 1.12 263 2.37

359 0.68 210 2.30
403 1.14 242 2.17

348 0.86 186 1.99

381 0.70 417 5.59

380 083 250 2.47
a29 0.89 __7 2.82

450 0.90 222 2.136

459 0.80 274 2.88

431 0.61 260 2.77

5,10 096 290 2.54

402 0.80 272 2.71

421 0.82 277 2.43

4.8 1.645

6.0 1.6_0

6.0 1.6(_

3.3 1.665

5.5 1.665

7.0 1.707

i 353

7.0 i .580

5.0 1.635

5.9 1.6_

5.7 1.636

1.650

4.6 1.654

i .6_

5.7 1.687

5.5 1.695

6.2 1.695

10.1 1.695

5.7 1.718

6.1 1220
1.74O

6.8 1.750

1.750

5.6 1254

5.1 1.75"/

6.1 1.776

1.535

1.9 1.600
1.2 1.617

1.4 1.665

1.705
1.737

624 0.23 I 12 0.852

483 0.20 <50 0.17

z77 0. ll <30 0.172

2.81 <0.0 76 0.583

467 q29 <100 0457

520 <0.2 -- 50 0082
684 <0 1 < 30 0.045 <0.6 1.754

_16 0.18 <50 0.098 1.830

_38 <0.0 <20 0.11 <l.l 1.700
684 <0.2 <50 0.03 1.4 1.736

682 <0.10 <20 0.10 1.763

545 <0.0 <20 004 <2.0 1.813

1200 <0.0 <30 0.015 <2.0 1.895

I 190 <0.0 0.058 2.4 1.997

0.3 < 60 0,090 2.00

194 0.37 99 0.7,*6 2.22

213 2.04 <100 0.08 2.26

Sombmrete nc 17 553 1072 177

Hassi-Jekna <20 5 48 105.1 264

Algoma 23 5 32 107.0 247

Magnesia 34 551 127.5 212

Qatar al Hanash 12 576 124.3 158
Victona West -l,4 6 06 139.9 213
Muzaffarcur

_ ...._ subgroup sHH fhigh Au. high Ni. includes Ga_, Gulch too)
8 6.L8 171.6 409

Garden Head 13 6.77 150.7 245

Gay Gulch 10 6.05 145,7 195
Mount Magnet 298
Allan Hills ALHAS0104 10 6.80 158.6

7 6,94 183.9 465

Kofa 11 6.13 165.1 278
Linville

23.6 69.6 26.6 350 0.21 <20 0.231

20.1 38.3 25.9 <240 0.23 <80 0.354<40 0.139
14.2 __.4 23.2 270 0.21

16.7 29.7 26.7 316 0.27 100 0.856
16.6 31.4 29.8 200 0.20 < 30 0.032

15.4 28.6 32.2 433 0.38 75 0.550

10.8 16.6 22.9

6.51 10.7 22.9

767 5.26 24.7

5.87 10.3 26.3
4.79 8.61 28.4

7.84 16.1 30.0

279 0.15 <30 0.115

338 0.39 <20 0.099
400 <0.4 <60 0.015

567 0.37 <30 0.083

621 0.34 <20 0.1

590 <0.2 <120 0.01

1.5 2.40

2.45

2.74

2.78

2.7 2.93

3.36

1.8 2.44

2.55

2.64

4.2 2.63

2.85

3.04

(contortS)
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"-- • Table 2. IConunued)

Meteorite

Cr Co Ni Cu Ga Gc As Sb W Re lr Pt Art

stl = (P.Wg) Im_g) (mvJg) _p.g/g) (_g/g) (P-g/g) (P'g/g) (ng/g) (p.g/g) (ngJg) (_Wg) (p,g/g) (p41/g)

_ Udei Station grouplet, closely related to/IThiei Mountmns ac 209 = 70 40.4 ]74 736 234 12.7 429

Ua,-i Stauon ac 47 z 81 94 7 275 69.4 204 15.2 639

(,, L Caddo ac l a4 z 90 _)4 2 _ 52 68.4 273 14.5 446

Hariowtown 21 ._91 _7.5 ;31 60.6 222 16.5 396Four Comers ac 30 _ 03 90 3 260 49.4 179 16.3 500

Zagora _,c _ z ,_3 _3 6 267 70.1 226 15.6 350

_Pi_s grouplet, intermediate between sLL a_d sLM

Woodbine ac 75 5 42 100.5 167 35.8 114 17.8 523

Colfax 17 _ 23 107.4 326 53.1 153 17.9 533

Pitts ac 14 _ 60 128.1 376 3-t..5 95.6 20.2 911

Alga/l"abo duo -', "_ 13.4 390
Livingston (TN) _2 _ I _ _ _ 297 __9 4 250

Alganatx) (Ovalle) _3 .; _,1 ,_06 __1 64.7 267 14.5 316

_ Mundrabilla duo

Watervdle _80 = '_2 -63 _.59 _73 196 15.9 338

Mundrabilla ,r 241 : ,_5 -_ 0 125 58.3 196 15.4 394

8ritstown duo 2090
Britstown < 15 _ 51 190.6 ',9.-1.4 39.0 183 25.0

Elephant Mor 38 _ -_0 208.3 t069 22.6 104 29.4 2670

EETS7506

_,_ NWA 468 duo

Grove Mms GR798003 12 _ _9 1-16.3 371 6.96 <50 21.8 404

North West Aft ac 230 " 19 118 5 263 3t .0 117 22.8 431

Twin City duo
Santa Cathanna 9 o t 7 _58.8 14.40 5.22 9.01 38. I 2760

<-14 _ 17 _,0-.1.8 il40 J, 53 7.50 37.6 2340
__, Twin City

>olo irons related to .._-._

.._ _N_'_ ,at _0 5 04 101.1 195 40.0 92.4 13.6 362

_y ac 211 3 95 55.5 -150 74.4 347 10.8 721

Ellieon 18 -; 91 78.5 175 60.0 252 13.6 190I__ 46.2 140 13.0 124
-- Vermillion nc -H -' _8 '4 9 _'_

Yongnmg 37 _ 96 04.4 151 93.9 490 10.3 350

Georgetown 290 -; 79 903 358 56.0 120 16.2 393
Menzon 667 _ 97 90.8 653 65.5 293 12.7 529

Oktibbeha County 23 _' 77 596.3 ¢_160 361 9.00 31.4 3785
Aswan 18 _ o2 _2.0 '.22 20.8 -H.8 16.6

Wu-Chu-Mu-Ct'un 15 5 94 221.7 ,";01 48.2 140 21.0 750

Cookcvtlle 29 _ 29 "0 3 154 89.8 398 13.2 287

Burkhala 65 z 73 97.2 -;61 54.0 358 12.3 637

Mesa Verde Park 18 - _8 108.3 _25 55.2 t42 16.6 469

San Cristobal pb 17 hi3 252 944 I 1.5 24.3 29.4 2155

Ventura 15 6 32 101.4 149 13.9 25.0 21.8 119

Lime Creek <30 _ 00 292.9 t 109 15.7 28.6 43.8 2630

Quesa 17 b bb I 19.7 211 36.8 100.6 27.5 221

@_I_ lAB related? Au values below the range plonedZac, alecas 1792 155 z 80 59.9 123 80.8 307 6.8 <100

Northwest Aft NWAI76 ac 430 '- t4 86.0 300 18.7 197 9.42 100

Boc=uuva ac 161 -; 14 84.8 290 19.1 1.78 9.83 200

1.02 245 3.67 6.2 1.529

0.74 136 0.672 3.6 1.61_

1.05 287 2.53 6.4 1.607

0.63 238 2.65 1.6_S

0.61 233 2.35 5.3 1.636

0.88 267 2.83 6.3 1.706

0.60 209 1.98 5.3 1.640
0.51 147 1.78 1,656

0.33 95 1.22 t:8 1.700

0.83 86 0.794 4.8 1.421

1.02 932 10 8.2 1.4_9

0.72 37 0.372 3.1 1.634
0.55 91 0.906 1,643

0.61 2.45 2. I0 1.927

0.36 279 3.06 6.7 i.982

0.60 <40 0.068 5.9 2.16

065 281 2.75 4.0 2.21

0.20<100 0.023 3.64 •

<.0.2 <200 0.019 3.68

0.32 163 1.83

1.01 270 2.11

1.50 304 3.46 1.400

0.59 240 1.96 2.0 1.415

2.08 389 3.97 11.2 1.4_0

0.63 <20 0.238 3.0 1.507

0.96 207 2.20 1.52,8

0.40 <0.35 0.026 1.615
1.66 <50 0.249 12.1 1.670

0.76 262 2.64 6.6 1.681

1.18 251 2.46 8.9 1.707

1.60 759 8.03 12.4 1.711

0.54 297 2.16 4.9 1.800

<0.2 <40 0.329 2.3 1.999

0.87 24 0.163 6.7 2.14

<0.3 <280 1.05 2.211

0.69 <60 0.092 2.92

1.91 130 2.14 11.6 0.744

1.16 355 3.62 8.5 0.862

1.20 363 3.19 6.3 0.879

9.3 1.39"/

K

a Silicate textures are largely from Benc_x et al. (2000.

Textu_, abbrewations: ac. angular chondnuc: gr. graplute-nch: nc. nonchondntic: pb. phosphate-bearing; sr,

Twolan,,dyses (tugh- and low-It) given )or Canyon Diablo.

have Au contents similar to those in the main group, and two

have resolvably higher Au contents. We designate the former

low-Au (LAu) subgroups and the latter high-Au (HAu) sub-

groups.Thesearethenfurtherdivided into high-, medium-, and

Iow-Ni sub m'oups (HNi. MNi. LNi). Thus the Iow-Au subgroup

with the highest Ni eomem (which ma_hiy consists of the old

group HID) receives the designat/on IAB-sLAuHNi, but we

mainly use the shorter form sLH when the context is clear. The

two groupl¢ts consist of meteorites closely related to the

low-Au groups.

suJfid¢-nch.

In Fig. 2 we repeat the Ni-Au diagram (Fig. 2a) and also

include three diagrams that rank next to Ni-Au in l)ote=_ for

classifying the extended lAB _t: Co-Au, As-Au, and Ga-Au.

In Fig. 3 we show dam for four additional taxonomically

valuable elements; the Gc-Au diagram is almost as good as tl_

first four diagrams, and the Sb-Au and W-Au results are qu/l=

useful when high-precision data are available. The Cu-Au

diagram is good but, as discussed below, Cu values may show

sampling variations that Limit their utility. The main group =nd

the five subgroups arc shown on these diagrams by dilfemut

F3

_:_+\-
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tween the mare group and the sLL subgroup but otherwise all

groups are resolved. The total range in math-group Co contents
is from 4.4 to 5.1 me/g; the fact that this reran-group cluster is

so compact is a testimony to our high precision for Co. The

spread in Co within any narrow range in Au is only about "-3%

around the mean. Particularly smking are the parallel trends in

the mmn group and the sLH and sLM subgroups.
The combination of fraeuonal crystallization and mixing

effects that determines the compositions of the irons in mag-

marie groups produce similar fractionations in As and Au:

As-Au plots of these groups yield linear trends having similar

slopes and. generally, similar intercepts {Wasson and Richartl-

son. 2001). Nevertheless. we found that the As-Au diagram

(Fig. 2c} had good taxonomic value for resolving irons in the

IAB complex. Althougtt there is more overlap betw_n groups

than on the Ni-Au diagram, only sLL shows appreciable over-

lap with the mare group. As on the other diagrams, tim m tin-

group field is quite linear and compact- Similar to the Co-Au

diagram. As-Au trends through the low-Au subgroups _ to

be subparallel to those in the main group but slightly higlmr

than predicted by an extrapolation of that trend.

Idled symbols, except sl .l. by Xs. One ol :he low-Au grouplets

ts shown by crosses, the other by open t_angles

Filled mangles are used t'or live pairs ot irons that are related

to greater or lesser degrees. A large set ot 17 irons that fall

close to one or the other group on some diagrams but not on

others, and arc therefore not assigned to my group, arc plotted

as •0on squares. These are also not closely linked to each other

in composition. Nonetheless. all have c{,nposlttonal character-

lstics suggesung genetic links to tAB.

On the Ni-Au diagram (Fig. 2a) we ._e that with the excep-

tion ot one high-Au MG iron that overlaps sI.L. the MG field

(small lilled diamonds) is completely resolved from irons in the

tire subgroups. The subgroups show similar, subparallel trends

on the Ni-Au plot. and (with the mentioned exception) are

separated from the main group and each other by hiatus. Cases
like this. where hiatus are present, provide convincing evidence

that we are dealing with sets of mete•rites that had different

origins, and thus must be assigned to different groups or sub-

groups.
The Co-Au diagram (Fig. 2b} shows strong evidence for the

same compositional clusters. There is appreciable overlap be-

I:lg. 1. "l'hls plot ol h)g Nt v,_ t()_ Au sl1{)w_the resolution ol iron mete•rites in the tAB complex mto a main group (MG}.

live subgrtmps, live duos (l|ll 'c,d tnant, ics. pants ot c()mposnt(mally closely related trollS), arid 17 solos (open squares, tron_
that are not ch)sely related to any ,){her tr-n) lhe mare group tea- 70 |rollS) |ot'm_ a dense band: the subgroups torm more
dtttuse Ii¢ld._. thai are roughly paral¢I to the mam-gr()up trend. The subgroups are gwen two-letter names, the first letter
t-,crag I. or H for high or low Au. ,._rltlthe ,_cc()nd letter bem_' H. M. or L for high. rrledium, or low Ni. The sLH group td_k rk

)tiled circles al'_we tlac mare group id/gcD, ct)nsnsts o! the old IllO irons, and the sl.M subgroup {dark filled squares between
{he M{i and sI.H) ts laeely c,)lnF)n'cd ,t the L)ld IIIC irt)ns. ['he three Iow-Au subgroups are closely relateO to the maria
group; many ol Ihc,_ irons ha_¢ ,.{_al_e _fllcatc irlciUsIons With chondnUc ct)mpo$1u(}n$ arid Ai 10 values near -0 _%0
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In contrast to the positive trends in Figs. La-i¢. the Ga-Au

diagram (Fig. 2d) shows nugative trends m the main group and

the subgroups+ Again. the main-group II¢ld is dcnm. cgscntiaily

linear, and sharply dclined. Overlaps arc only observed be-

tween the main group and sl,l,. Note that tin part because ol 1

Iow-Ga irons being assigned to si,l,) the total range in main-

group (ia is from 101 to 68/_g/g. In the past tChoi ctal., 1995)

the lower limitof the LAB Ga range extended down to lI _gJg

in San Cristohal but our improved and enlarged data set shows

that this iron is not cio_ly related to the roam group (or to any

other iron in the LAB complex).

In the tour diagrams in Fig. 3 the same general patterns are

present but they are Less well defined. The main-group Ge-Au

trend (Fig. 3a) is negative, similar to that observed for Ga-Au.

There is again overlap of sLL with the high-Au part of the

main-group trcnd. The main-group W-Au trend (Fig. 3b) is also

negative: the relationship between the main group and the sLL

,_ubgroup ts similar to those on the Ga-Au and Gc-Au diagrams
but there is more scaUer. Although a part of this scatter is the
result of the relatively high experimental uncertainties in our W

data. a part may also reflect fractional crystallization effects
discussed later in connection with our lr results. Because of our

relatively highdetection limit, we arconly able to n=portoneW

value for sLH. which (as shown by the lr data) has low contents

of refractory, sidcrophiles and those volatile in oxidizing envi-

ronments (e.g.. Ga and Ge).
As shown in Figs. 2c and 2d. the main-group Cu-Au and

Sb-Au urcnds arc positive; in both diagrams a compact core
region resembles the element-Au urcnds for Ni. Co. and As, but

there arc substantially more oudiers. Our Sb errors an= rela-

tively large, and most of the outliers may reflect either ¢xper-
imcmal errors or. for some high values, contamination before

receipt in our laboratory. Although Cu is a valuable taxonomic

parameter for the magmatic irons, in the lAB complex there is
more scatmr, some of which we attribute to effects associated
with the presence or absence of metallic Cu in the system.

All the elements we determine arcconcentratedin theFe,-Ni

phases kamacite and monite with the exception of Cr and Cu.
Then= is no doubt that much of the Cr is in chromite. Metelli¢

Cu grains arc tound in lAB irons, mainly associated with

graphite-FeS nodu[_ (El Goresy, 1965; Kracber ¢t al.. 19'75).

Our Ca n=piicates tot L,andes and _ _a_n these n_ed to
be restudied. However. its disoass_ below, most Imomalol_y

high Cu values replicated very welL

We suggest that Ca values am lower in irons that wen= able

to nucleate metallic Cu at relatively high temlamamm, .with

Fig. 2. I-Icmcnt-Au dtagram.', rcs.lvc the trim mctcontcs that _t our con_flltmai criteria into the lAB mare group,

live subgroups, two grouplcts, live duos, alld 17 solos. Scc Fig. 1 for the tdcnttficauon of the lields and symbols. Hcr_ we

si'_sw _c lout mtmt-usctul clcmcm-Au dtm!,rarn.4 Ira" cla.4sllicauon: (al Ni. (hi Co. (c) As. and (d) Gfk On each of these the

main grtmp Iorms a wctl-dcltncd hncar Oand. On thc Ni-A" diagram five subgroups arc resolved from the mare group and

from each other, the trends tn tile sut_groups arc roughly parallel to those In the main group. The five grtmps are also

resolved <m _ Co-Au. As-Am ,rod tia-Au diagrams wuth the cxccpuon tit the par'dally overlapping mare grtmp and =ILL

_uhgroup I'he trcnd.s m all groups arc negative on _ Ga-Au dtagtar'n, p_stttv¢ tm the o_cr three diagrarra, rhc low-Au

and htgh-Au tsuhlgruups aft.' dv..u_,scd separately
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this step followed by the dilfustonat dram Jt the Cu out ot the

Fe-Ni into the Cu metal. In ordsnan ch_mdntes, metallic Cu

tends to nucleate at the boundaries hct_ccn metal and I:eS

(Ruhin. [9941. The observed '" normaff mc)n _,roup level of ca.

150 ptg/g Cu might then reflect the cqumnnum Cu content of

the Fe-Ni at the diffusional blocking temperature.

3.3. Assignment of Meteorites to Subgroups

d.3.1. Lx)w-Au subgroups and erm,piet_

The mam-group tields arc well dctnncti m l:igs. 2a-2d and

l:ig. 3a (Ge-Au). We suggest that. by companng the data

distributions in the main group w_th those m other clusters that

appear on these diagrams, we can as_ss whether members of

such clusters are sufficiently reiated t(_ warrant (sub)group

status. It seems clear that sl.H and sl.M (the old groups IIID

and ilIC. respectively) have properties c( nststent with assign-

ment to a group. If their compostttonat Links to the main group

and to each Other were not so close, we would treat them as

independent groups, as worthy of this status as other small

groups of iron meteorites (such as ilC or I[IF3.

The new sLL subgroup is also wetl defined on the Ni-Au

diagram, occupying a position between the main group and the

5LM subgroup but nearer the main group. Its existence as a

satellite of the main group is one of the reasons for holding that

the sLH and sl.M subgroups should be treated as part of the

_ame complex. As discussed below, on most other diagrams

ill shows appreciable overlap w_th the mare group but it is

somewhat resolved on the As-Au. Co-Au. and Cu-Au dia-

grams. Among the low-Au groups, sLL is the only one whose

existence had not previously been proposed.

In addition to the sLH. sLM. and sLL subgroups there are

two iow-Au grouplets that are closely related to the main group.

We named these after one of their members that is an observed

fall. On the Ni-Au diagram these groupiets occupy the region

between sLL and sLM. The "Udei-Station'" grouplet has lower

Ni contents: it has six members (enough to be called a group

hut we suggest it needs better definition before this designation

be given), four of which contain coarse silicate inclusions. The

"Pitts" groupLet has higher Ni contents: two of its three mem-

bers contmn coarse silicates. Although we are dealing with the

statistics of small numbers, it is noteworthy that neither the

main group nor any of the other subgroups has such a high

fraction of coarse-silicate-rich members as these two gmuplets.

Subgroup sLL generally appears to form a high-Au exten-

sion of the main group. On the Co-Au (Fig. 2b). As-Au (Fig.
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2c). and Cu-Au (l:ig. 3cJ diagrams most v;ilues plot slightly

higher than the (positive) main-grouP trend. In each of these
cases the mean clcmentJAu ratiosarc significantlyhigher m

_I.L than in the main group. The other diagrams thai provide

the best resolution of the Iow-Au subgroups arc Co-Au. (;a-Au.

and Gc-Au (Figs. 2b, 2d and 3a): on tbe_ diagrams sI.H and

sLM arc fully resolved from cach other and from other groups.

This is also marginally truc t)n the As-Au diagram. [ tg. 2c. ()n

all these diagrams sl,i. partially ovcrtaps the mare group. On

the W-Au diagram (Fig. 3h) subgroups _1.t4 and sI.M arc

resolved from each other and Irom all olhcr groups, hut our
detecuon limit only permitted us Io report one value lot sI.M.

Subgroup sl.I. overlaps the mare group

3.3.2. High-Au .suheroup.s

The two high-Au suhgroups arc designated ,,HH (high Au.

high Ni) and sill. (high Au. low Ni) Included m the [ormer ts
the previouslyrccognit_dGarden-Head tnotquartct (Malvm et
at.. IL.))g4:Krachcr ct al.. 1_1_0). The sill. subgroup ts new: it

consIsLS ol eight irons that. on most diagrams, wrm an array

that could plausibly he mtcrprctcd as an extension el the mare

group to higher Au contcnLs. These t_,o hlgh-Au _uhgroups arc
Ics,s well dclincd than the h)w-Au subgroups In each of them

there arc possible rca.sons to discard one or more ffons from the

_cL Bccau_ ()I these complexities wc nccd to gather more

chemical and textural oh_rvatlons: wc there)ore re,rye the

detailed di,_usslon of them lor a suh_qucnt paper.
Maivin etal. (1984) had noted the general compositional

relatedness among several of the high-Au meteorncs tinciuding
the Garden-Head quartet) that arc now assLgncd to the_

high-Au suhgn)ups, and speculated that they m_ghI be related to

the [IIC and I[ID irons. However. at that ume the compositional

evidence was not precise enough to warrant a.s._tgnmg the irons

wc now designate sill, to a single group
Becau,_ the two ht_h-Au subgroups arc lully rc_otvcd from

the main group and the three Iow-Au subgroups m terms ot Au.

we wit[ not compare them to these UouPs, Instead we will

conline'our discus,ston to two topics: (a) are the compositional

data fully consistent with the_ two _t.s o[ irons being desig-

nated groups? and (b) arc the two scL_ ot irons properly re-

solved from each other'!
The two high-Au subgroups are fully resolved from each

other on the Ni-Au (Fig. 2a). Ga-Au (Fig. 2dL and Co-Au (Fig.

2b) diagrams, but only marginally on the latter. In fact. the

vertical spread in Co in sHH. which is much larger than that

observed in the main group, calls into question the assignment

o{ group status to this set oi five irons. -['he groups are also
resolved on the Ge-Au diagram (Fig. 3aL with the exception ot"

silL Sombrerete (2.26 _,g/g Au). which is inside the sHH

range. _4× lower than expected from the trend through the

remmning irons assigned to silL. On the As-Au diagram the

two groups are fully intermingled.
We noted above that the sill data plot along rough extrap-

olations of the mare group on most diagrams. The exception is

the Sb-Au diagram (Fig. 3d). Here the generally upward trend

of the main group would seem to extrapolate well above silL.

UnfortunatelY. this conclusion is tempered by the large degree

of r,catmr among our main-group Sb data (in part because of a

moderately high analyticaluncertainty).

Our conclusion is that both of these high-Au groups inchidg

irons that are closely related, but also that there may be imrx-

lepers m each group. The logical next step is to malr_ a deutiled
comparison of their structures, and to gather additiomd O-

isotope data. perhaps using laser-fluorination to study individ-
ual silicate grams (Young etal.. 1998).

3.4. Silicate lnchmions in the Irons of the lAB Corniest

It is useful to review the basic evidence regarding silical_ in the

lAB-complex irons because these provide additional inf(xlnaliea

regarding the classification and the origin of the_ irotL "I'ne
silicates can either be coarse(grams or aggregate_ >2 ram) orfine

and dispersed. Those with coarse silicates are identified in Tab_ 2.

It appears that fine silicates are ubiquitous in the irons origimdly

assigned to IAB-IIICD. i.e.. in the main group and the clt_,ly
re_ low-Au subgroups and grouplets. El Gomsy (1965) found
silicates in every graphite-trotlite inclusion he examined in the

tAB irons Canyon Diablo. Odessa. and Toluca (but did not fmd

them in graphite-free FeS inclusions). In Appendix I of Buchwald

( 19'75L silicaPcs are repormd in 69 irons listed under the old

of IAB. group 1. From this list we deleted Thoreau (pai_d with
Odessa) and tour u'ons (Pan de Azucar. Mayenhorpe. Sutl_

Spies. and l:_ropaviovsk) for which Buchwald's samph_
so small that he failed to lind troilite, cohcnite, or _ in

inclusion-rich group. These corrections lead to a "_ _li-

ca_-tw, anng traction ot 42%. 'Because the tiniests'dical_are

easily missed, this must be interpreted as a lower limit.
A sizaDle fraction of the irons contain coar_ silicates, big

enough to allow textural studies and. in favorable eases, to ur_

modal abundances to estimate bulk compositions. Benedix et

ai. (2000) studied four of these occurrences and summmzed

the results ot earlier studies on 19 others (they also included

Tacuhaya but we agree with Buchwald (1975) that this Mexi-
can iron is probably paired w_th Toluca). They divided these

_ilicate as.semhlages into tire categories: angular chondritic (ac),

nonchondnUc (n). suUide-nch (sr). rounded, graphite-rich (re), and

phosphate-bcarmg (pb); in six eases they report two of these

categories in a single iron. Chondritic silicates dominam, and a_

repofled in 19 of the 23 irons on their list (if Tacubay'a, whleh has
chondntic silicates, is indeed Toluca). We list their classifica-

tions in column 2 of Table 2. In part because we also include

the so-called IIICD and ungrouped IAB-related irons, our list

includes five other occurrences in which silicates with dimen-

sions >2 mm are known among the members of the complex.

In Fig. 4 the compositions of the irons that contain coar_
silicates are shown on the Ni-Au diagram. With four excew

lions, all reported oxygen-isotopic compositions in the silicates

fall within a narrow range; A t_O (= 8/70 - 0.52 "Stud) values

summarized by Benedix et at. (2000) are all between -0.30

and -0.68%o. This is within (towards the upper end of) the

range for whole-rock carbonaceous chondritesand sugg_m

that the precursor materials were carbonaceous chondrite.s.
Circles axe drawn around the symbols of irons that contain

silicates having this classic IAB O-isotope compo_ition, dia-

monds around the tour that have more negative At_O valeeL

The diagram shows that three of the latter four h'ons have Au

> 2 p.g/g. The exception at Au 1.42 is Vermillion; its At_O is

F4

-0.76%o. not fully resolved from that of Lueder_ at -0.689_.

The other three meteorites have more neganve At_O
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CircLes i:u'ound the f_,nts nndlcatc that the A' {} o| i]le slhcates is in the eLa.c,stc range: -O30 _-- AtrO ":: -0.68%0; diarfio_d

t,uthnes indicate the i_nnLs having A"( } -_ -0 7%,. With the excepuon of EET84300 on the left ax_s. the irons containing
t.lassn: ()-isottlp¢ coral _sm°ns h_rm a dlagtmal baIItl extending from Kendall County on the bottom axts to Sali Cristobal

al Atl -- 20 O-gig Ihree ol the {.thor .,Ihcal¢-i'_a.Flnt! irons have Au ctmlents >2 _tg/g. The other. VcrmltLLoll (A=70 =

-{) 76_,1 i,, lust to Ih¢ h_w-Au -,id¢ _,1 IBc h_v,,cr end ol the main __rt_up

even deeper w_thin the carbonaceous chondrite (}-isotope

range:.Sombrerete {- 1.39"/_,: tentatively ass,gncd to the sill.:
Clayton and Maveda. 1996). NWA46_ ( - 1 3IV'/--:a member ol
tht:NWA468 duo. Rubin et al.. 2{}DI'-: and Yamato 14451
{-{) 77'7,,,. solo ungrouped. Clayton and Mayeda. 1996).

All except one of the irons having classic ()-isoIOpiC composi-
tmns Iorm a diagonal band extending from Kendall County on the
lower left (Au 1.4 k_g/g) and to San cnsu_hal on the upper right

(Au 2.() txg/g}. The lone excepuon, at Au 1311_g/g ts EE'I'843(X).
The silicates in the main group and _e Iow-Au subgroups and

grouplcLsart: reduced. The hlehest olivine [ a ctmtcnt _s80 mol.';_
in Udei Station {assigned by us to the Udet Stauon grouplet).
The most reduced olivine is Fa 1.0 in Pine KLvcrIBenedtx et aL.
2()00L a member of the sLL subgroup. A still lower value
(1:a0.81 is present in the olivine cf Elephant Moraine
I-ET843(L(). but the Au content {1.31 /.t,g/g) of this ungrouped
iron is slightly below the lAB range {but near an extrapolation
of sLM to low Au values). Because iLsO-isotope composition
is similar to that of low-Au members of the complex (A_70 =
-0.50%: Clayton and Mayeda. 1996). it should probably be
included in discussions of members of the lAB complex.

In these silicates the olivine Fa content is lower than the

low-Ca pyroxene Fs content. As discussed by KaUemeyn and

Wasson L1985). equilibrium between these phases leads to the

opposite trend. Thus. Fs > Fa indicates that reduction was
ongoing as temperatures fell. Diffusion rates are appreciably
lower m pyroxene than olivine, thus the pyroxene preserves an
earlier, more oxidized state. It follows that the original precur-
sor chondritic matenals had higher mean olivine Fa and low-Ca

pyroxene Fs values. The graphite and carbides common in
these meteorites could have served as reducing agents provid-

ing the resulting CO was able to escape {Kracher. 1985}. This
discussion leads to a key question regarding the origin of lAB:
what ,,,.'ere the original FeO/{FeO + MgO) ratios in the silicate

precursors? It would be most useful to examine whether the
detailed composiuons of the silicates vary systematically

among the groups, subgroups, and grouplets.
In our set of meteorites the only silicates that are known to

be FeO-rich are found in Sombrerete. a possible member of the
sill subgroup. According to Prinz et al. (1983}. thes_ globular
silicates mainly consist of plagioclase and glass togeth_ with
minor {modal 15%1 Fs_sWoos orthopyroxene. Thtm _ are
not chondritic, but similar to the impact melts obsetv_ in lie
irons that are closely related to H chondrites. However. _ low
AtTO ValU_ of Sombromte clearly indicates an nffinity to car-

bonaceous chondrites.
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3.5. Some Properties of the Subgroups

Subgroup si.l. overlaps the main group on most diagrams,
and the members are clearly clo_ly related to the mare-group
irons. One property that can immediately he noted m Table 2 is

that several or" the members of this subgroup contain coarse

silicates.
One sl,l, member. Annaheim. has an exccpuonally high (5(_)

p,g/g) and reproducible Cu contem. Values m the remainder
range from 230 in Karee Klool down to 15() in Bahiot and

Ogallala. As diseu,sscd above, a posslhle way to produce scatter

in Cu values that were iniually moo: umtorm ts to nucleate a

Ca-rich phase such as Cu metal Iolhlwed hv dtlluslve draining

of Cu out ol the F¢-Ni metal.

Subgroup sl.M includes all the mete_rttc_, _r_gmally _L_-

signed to IIIC by Wa.sson and ._haudy ,1971L The_ have now
been augmented by l-gvekinot and the _dlcatc-nch in)n Mal-

tahOhe (McCoy et at.. [993). L't_ar._ Mheatcs arc abundant in
Persimmon Creek which, b¢cau_ it', N= content i_, "5 mg/g

higher than expected from the sI.M trend !_¢ Itg. 2a}. we

designate it an anomalou_ member ol the group: on some

diagrams (Ni. Cu. Sb) Persimmon Creek could bc assigned to

sl,H. The only other sl,M coma=rag coar,_ sdicates _s Carlton

(Kracher and Kurat. 1977'J and even here they arc sparse.

Subgroup sl,H includes all the meteorites axstgncd to group

IIID by Wa.sson and Schaudy (I 971L The only member of this

small group to contam coarse silicates ts I)ayton: these rare
assemblaocs were lirst reported by I.uchs ct al. ( 1967"_and more

completely characterized by Ihsnz et al. (1982'1.

3.6. Other Meteorites As,_al_d with the lAB Complex

Them are many ungroupcd irons that show compositional

links to group lAB. It was therefore neccs,sary to establish

cntena for relatedness to the lAB complex. Initially we mainly

chose irons having high Au and As values and other leatures

similar to those common in the high-Ga t:>5 (P _g/g) lAB irons.

Then. _ter working our way through the data seLg tot the main

group and the live subgroups, we cho_ the followmg compo-
sitional threshold values for possible membership in the lAB

complex: Au >1.3 _g/g. A.s > l I| p.g/g. CO > _' 9 mg/g. Sb >18(}

ng/g, and o.4 <: Ge,/Ga <:7. Some meteorites were included even

though wc had no Sb dam: we inli:rred that these meteorites

belong to the lAB complex based on concentration data for

other elements (or. for the mmn group, from textural observa-

tioes). The criterion based on the Gc/Ga ratio eliminates some

meteorites (Dehesa. Soroti. Yamato Y750:_1 ) that are otherwise

composittonally similar to IAB-complex irons. Because Ge and
Ga tend to fractionate so coherently, we lelt that this criterion

was useful, but it is possible that future studies will show that

these deserve inclusion in the lAB complex.

In addition to the meteorites assigned to the mare group and the

live subgroups, we show data on Figs. 2 and 3 for five duos (pairs
of more-or-less related irons) and 17 _los that. on the basis of

these cntea'la, appear to be members ot the lAB complex. The data

for the duos are plotted as filled Iriangies that are obviously related

on most diagrams. The solos are shown as open squares.

In some diagrams these ungrouped irons may plot within the

field of one ot"the groups or along an extrapolation ot a group

trend. In Appendix A we briefly discuss each of these cases and

the compositional data that convinced us that these

irons should not be assigned to one or the other groups. The

compositional evidence nonetheless supports the view that the

ungrouped irons listed in Tables i and 2 have propen_ con-
sistent with assignment to the broad IAB complex, and that
most if not all ton'ned by the same processes that produced the

members of the groups.

4. TRAPPED MELT AND NONMETALS IN tAB

4.1. Evidence of Trapped FeS-rich Melt in Irons in the

LAB Complex

Most LAB irons contain moderately large (1- to 5-cm) ellip-

soidal troilite nodules. These contain variable' amotmlS of

graphite: for example. Buchwald (1975) observed a graphile
fracuon of 0 to 50 vol.% in the nodules of Gladstone (iron). We

refer to these objects as uroilite nodules even though the graph-

ite t racuon can be large. The troilite nodules are summnd_ by

shells ot cohenite and schreibersite >1 mm thick. They also

contmn minor phases including silicates and chromite.
The solubility of S is very low in metallic Fe-Ni: Ds < 0.01.

If we assume that Ds = 0.005 and that typical S contents of

lAB melts were 200 mg/g or less. we calculate a maximum

content of S inidally dissolved in the solid metal of 1 mg/g, In

Table 3 we list the S contents estimated for lAB irons by "rs

Buchwald (1975). including seven meteorites that belong to the

main group. Buchwald also listed a value for MG Burimtt- but
closer examination showed that this low value (1.7 mE/10 is

based on a bulk chemical analysis; because it seems unlikely

that the analytical sample included a representative anmunt of
FeS inclusions, we rejected iL His high S value for MG Bogou,

20 mg/g. is based on an area of only 83 cm:: we list it but do
not include it in the lAB mean. All values are >4 mg/g. We

.,dso list an estimated S content obtained by g. S. C'laxlm

(personal communicauon. 2001) for the United Slat= National
Museum (USNM) El Taco slice of MG Campo del Cielo.

Buehwald also provided S values for what he called group-

I-And= meteorites and for some other lAB-related irons such

as Mundrabilla and Waterville. One l-Anom iron. Bendego, is

now assigned to group IC and not closely related to LAB; the
other four are listed in Table 3. Of these, only Persimmon

Creek is assigned to one of the subgroups: as noted above, it is

a compositionally anomalous member of sLM. Pills is a mem-

ber of the closely related Pitts grouplet.
In magmatic group IIIAB melt seems to have been trapped by

stochastic mechanical events such as the collapse of the core (or

com-mande) structure (Wasson, 1999). However, the mlalive uni-

fomlity of the FeS dislnbulJon in most lAB irons suggests that

they were tra0pe d as a result of the rapid solidification of the melt
The moderately high abundances of FeS obtained by modal

integration (Table 3) suggest that most IAB irons include large
melt fractions. If we knew the S content, we could use tbeae

values to obtain the melt fraction. In terrestrial layered intru-

sions the composition of the parental melt is estimated from the

chill zone at the edge of the magma chamber. Here, unfortu-

nately, we do not have field relationships that allow the tuzam-

biguous recognition of such chill zones. NevertbelesL them ia
reason to believe that we have some chill zones, particularly in

the silicam-rich members of the IAB complex. For example, the

section of Pitts illustrated in Buchwald (1975) show_ rmmy

features that could reflect quenching of an FeS-rich melt mixed

• :.:_ _._,_.,,_
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Au Ni C P S an==

Meteorite (_g/g) Img/g ) (rag/g) {rag/g) (rag/g) (c=z)

_t-0 r.t._ 165 "_ 3 -- 2.5 4b 4000

_(} Ca.mpo del Cielo 149 _ 8 2.6 I0 1620Canyon Diablo 1.53 _93 I0 2.7 II 900

Gladstone (iron) 1.49 h5 6 -- 2.5 5 _)007Odessa (iron) 1.61 71 9 2 1.6 7 3100
Tohica 1.72 80.2 -- 2.0 12 348
Wichita County 1.56 t)7 9 --
Yound=gm I 54 h8 3 6.4 2.5 4.3 204

_ Otherthanmain group 2.5 14 80
Mertzon I 53 -4) 8 -- 2.6 80 >10(307
Munctrabilla I 64 -_ 0 10 2.0 30I' ""30?
Persimmon Creek I 54 ,41 ? -- 2.0 97q' 24
Pitts I 70 2" I --

200 "_2 -- 1.8 40" >1607
San Cnstobal - 3.0 30 80
Watervdle i 63 -_, ; 5

" Bogou data ba,,,caon ,,m'._l (80-cm:) ,,cctlon n_l m_.iuded m MG mean.
" The S contents of Campo del Cielo. Pm_. _- Pcr,qmmon (,'reek are for the silicate-tree fraction. The listed Campo del Cielo S value is a rough

c,umate made by R S Clarke tot the large L ";\ \I El Tact) ,,lice. the Pins S value =s our estimate: Buchwald (1975") gives a lower value of 60 mg/g.
• Buchwald (1975) m,.es 40 mg/g S In the '_.._ Cr1,1ob:,l tcxl. but 30 mg/g m his Table 30.

wHh abundant sdtcatcs. ['he structure tq Pcr,4mmon ('recK,

which we designate an anomalous member ol the sLM sub-

_oup. is similar.
Our modal analysts ol a photo ol the _t:s _cct_on y_etded a

.

S content of 97 m_Jg ,n the combined metal FeS portion ot this

small (27-cm=) secuon (USNM 1378). A though the uncer-

talntv is high because of the small area ,}1 the secuon, this

provides a rou_,h esumate of the S content o one lAB melt. The

mare-group data summarized in Table 3 _u_gest ttlat the S

content of the main MG melt was several :_mes smaller.

,_t the other extreme from PillS is the t,,age E5600 cm:l E1

Taco slice ot Campo del Cielo at the Sm_hsoman lnstttuuon

Fit,. 78 in Buchwatd. 1975) Despt_e tnc _a.r.,.,eanundance (4

xol.%) of coarse sdicate inclusions, the ma._tmum S content oI

this specimen ts only _ I vol.Ck FeS. equv, atent to -a mg/g S

(R.S. Clarke. personal communicauon. 2( 01 ). 12_e relauvely

high Ga. Ge. and lr and low Au and Ni con',cnts of Et Taco are

±so consistent with a low mett fracuon

4.2. The Nonmetal Composition of lAB Melts

Buchwald also esumated P contents for essenually all irons:

we list in Table 3 his values for the irons m g hich he est,mated

S. Estimates of the contents of the less abundant nonmetals are

most easily obtained from the irons hz,,mr, the hiehest S

contents and thus the highest mett fracuoras From the values

tabulated for high-S MG irons in Table : ,>,e esumate a S/P

ratio of roughly 5 g/g, similar to estimates lot the magmatic

groups (Wasson. 1999]. The S/F' ratio tends to be higher, _ l0

gig. in the lAB-related irons.
The C content of lAB irons can be q_;ite high. Buchwald

(1975) lists a few values obtained by moaa: integrauon, and we

have tabulated these in Table 3. His three MG C values range

from 2 mgig in Odessa to 10 mgig in Can,,on Diablo. Moore et

at.(1969) and Lewis and Moor* (1971) ,,seaa rmllingtech-

nique to obtain reasonablyrepresentatavesampling of minor

phases(includingcarbides).The highest£;concentrationsthey

observed are tn the lAB irons Dungarmon t4.55 mgdg---Lewis

and Moore, t971) and Rifle 11.8 mgig--Moore et at.. 1969).

The mean of all their lAB values is lower. 0.80 mg/g. We

suspect that. despite the mailing technique, these author,s did not

adequately sample the C associated with large FeS nodule, and

we suggest that the mean initial C content of mare-group metal
was >'2 mgig and that the C/Fe ratio was >'0.01. Buchwald's

modal integrations are too sparse to allow strong conclusions.

but they suggest a mean C content tn MG irons around 4 to 5

m_g. stmitar to the Lewis-Moore Dungannon value.

5. FRACTIONATION OF lAB METAL BY CRYSTAL
SEGREGATION. NOT FRACTIONAL CRYSTALLIZATION

5.1. Main-lzroup Trends as Indicators of the Style of

Fractionation

Our results show that most etement-Au ma.m-group fields are

compact and also that the fields in the three closely related

Iow-Au subgroups are reasonably compact (for the elements

plotted on Fig. 2) and have trends similar in slope to those in

the mare group. Mainly because the data sets are smaller, there

is generally more scatter in the fields of the subgroups than in

the mmn group. The strmlanties in the properties of these

element-Au fields offer important new constraints on possible

models for the formation of the lAB groups.

,-ks discussed above, the membership (and. thus. properues)

of the high-Au subgroups are less well defined than the low-Au

subgroups. Although we think it probable that these also

formed by the same processes as the main group, we suspect

that additional data will show that some of the listed members

of the high-Au sets are outliers, and we therefore do not attempt
to discuss their formation in the same detail that we devote to

the main group and the low-Au subgroups.

5.2. The Fractionation of Ir In the lAB Complex

Past arguments for attributing a nonmagmatic origin to lAB
included the small range m ir and the low slope on ir-Ni
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that the values outside these limits show the effects of frac-

a ( tional cr3.stallization, and should be excluded from the follow-

ing discussion of a crystal-segregation model.

There is too much scatter on the throe diagrams m Fig. 5 to

iustifY an exact detemaination of the slopes. We show two sets

of lines on each diagram: the curve through the data is a rough

m, fit generated by mixing equilibrium solid and liquids. _ :..

i straight lines arc BlAB solid and liquid evolutionary

based on Wasson (1999) and unpublished fits to the

o" o - Ni-Au data. and modified here to produce an initial solid having
the composition 63.0 mg/g Ni. 10.1 mg/g As. 6.0 m[/g It'. and

|.39 mgtg Au. The bottom ends of the solid tracks arc

:, ,. at an lr content of i.4 mg/g. ' '
if we lirst focus on the lr-Au diagram (Pig. 5a). we _ that.,

with the exception of seven outliers having Ir contents outside

h , the dense main-group cluster (demarcated by the thin hoO._-

taI lines), the total range in lr is only a factor of 3.6 (from 4.86

to 1.35 mgJg). There ts a downward trend, which we have

_ roughly lit with a mixing-curve. If one were to exclude tim five
mare-grouP members having the highest Au contents, tim mix-

ing-curve slope could be increased by a factor of 2. If. in

contrast, we have mistakenly separated the sLL subgroup from tl_

: mare group, the slope esumam would be smaller. If we were to

o ._" o _ claim that sI.H and sLM mcm_rs fom_d in the same ti-actiou-

o i alien process, we would again obtain a steeper slope. But a

• i glance at the quamized way these three tields plot on the [r-Ni

L,,_ ,s, diagram (Fig. 5c) as well as the Ni-Au and Co-Au diagnu_

{Figs. 2a. 2b) makes the last proposal appear implausible.

Th_ modified IIIAB solid (sot) and liquid (liq) tracks plotted

" i on the diagrams in Fig. 5 offer some perspective if not clarity.

Looking first at the Ir-Ni diagram (Fig. 5c). we se_ that the

slopes are much too steep to yield useful fits of the MO data.

This is the basis of past conclusions that lAB did not form by

: : fractional crystallization. Note the position of the liquid curve.

• Adding trapped melt to the st)lid could till up the compositional

= space between the solid and liquid curves, but this would still

not account for the maiority of the MG data.

_ , o_ In contrast, the slope of the solid IYacuonal crystallization
(I:C) track on the lr-Au diagram (Fig. 5a) is about the same as

• the mixing curve" the liquid track is off scale to the right side

of the diagram, if we moved these two curves to Au values

t0% lower we could account for the main-group irons by

mixing equilibrium solid with minor amounts of melt. Note

however that. in such models, the mean composition of the group

is the same as the initi',d melt composition, roughly at i.3 P4Cg Ir

and 3 /_g/g Au: thus. this FC model would requi_ that the

terrestrial sampling of lAB core be strongly biased. Although

this cannot be ruled out. the unilbrm abundanCe of main-group

irons across the entire field suggests the opposite, that a rea-

sonably representative sample set is available. Our inte_t,_t-

lion of the k-As plot (Fig. 5b) is similar to that for lr-Au.

Although most of the main-group Ir-X trends are adc_lm_iY

explmned by mixing (or unmixing) equilibrium solids and melk

it is clear that the lowest lr values (0.06 l_g/g in Zaffal) cannot

be produced by mixing alor_ ff these formed from tl_

magma as the cluster be(wean tic horizontal Lines (Fig. 5). The

maximum reduction relalP,'e to me mean composidon that can

be achieved m the liquid in a metal-rich system is Dtr (which

seems not to have been greater than 4). Since the me.mr Ix

concentratiou is near 2 PS/I, _ lowest lr content _ can be

..7. -_

F5

:- • • -''_,-:-: : .... L ]
-- el •

,
_+J4P I

-
" < _1 .I, ¢ RIll, > p_lB |q_l 0 0 "_

• RI,_I O *;141"1 0

(lit

• ,i

_T.
ll(

IO 2 14 t6

Fig. 5. Our It data arc phltted tin tat Ir-Au. tbt It-As. and (c) Ir-Ni

diagraans. With the exccpntln lit seven iron_,i the If contents ol mare-

group tttlns lall between 4.86 and 1.35 rag/g; honZtmtal lines mark
these Innms. (_n eat:h Id the dtagrarr_ thene ts a weak downward trend

acctlmpantcd by ct_nstderablc scatter (much larger than experimental

Cl'l'tlt includlllg sltmpllng), Mean Cl)lflptZ_ltlOfls arc _,htlwn by circles,

and esumated ilquld-s_lhd mixing curves arc pas_d through these.

Strmghl lines starung im the upper left el the mare grlmp im each
._lid iIIAB Iracgs compare m shlp¢. A IIIAB liquid

diagnlm show I_)w
track line ,s shllWn only tl_ ir-Ni: thtl_ lot Ir-Au and k-As are above

the Upl_r Au and As llmll.S of g_,¢ thagt-ams.

diagrams (Wasstm. 1972" Wasson et el.. 1980_. and these are

still important arguments. In Fig. 5 we show the data t'or the

lAB roam group and the five subgroups and the three grouplets

on lr-Au, k-As, and lr-Ni diagrams. For clarity, the ungrouped

irons are not plotted. Thin horizontal lines show the upper and

lower limits or" the lr values that we included in this main

discussion of a frat_onarion model In section 6.5 we suggest
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(_'hoNdrlu c slhCatcs

Silicate ptagloclase conten?s variable Irom clast [o eta.st
pnnm_rdtal noble g'._,_csah_/ddam

Gas-retcnmm ages high
A=_O values _--0.3%0

High FcS c_)ntents common

High C contcm._arc comrmm

[{- fr_tl(l[l_lOOS [Iunor compared to magmatlc groups

-/crystalssmall.2--it)cm

X-Au trends in low-Au sub,(muD',,qnutat it) tho_c ,_ '_l(i
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IAB iron-meteorite complex
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Table 4. A list of lAB propemes that must b¢ explaincxi by a suc,ccssful mm:lcl. ...-=.
[replied consitamts

Temperatures not hot enough to melt plagtoclas¢or umcs too short to pcnmt

appr_tablermgraUon
Tew4)eram_s land shear forces) vanod on scal¢_ of a few tens of cm
High-temperature penod too bnef to penmt diffusive escape of noOle gigSca

from trapping sties
Material cooled to blockmg temperatureS within 100 ka
Pa_ntal chondnUc materials were closely relatcg$ to carboma:coas dlt)nglntP-._l

S contentS of melts rclauvely high ([_h_ 20 mg/g m MG melt. highc="In
some others); melt trapping was conuntm

Apl_ctable C was available tn tl_ source; C played im_mam role in
detcrrmmng solid/liquid dlsmbuuon ratios for the stdero_lic clcrr_nts

Fracu()nal crystallization not dominant fracUOnaUon mecimmsm (in S-rich

sysu_ms. Dr, is mgh. >3; a few exumn_ valU_ may reqmr¢ fracutmul

crys_lliztmon )
Cooling through V-Iron stability field too rapid to allow diffusional gnlWth ¢)f

large crystals
Same lracuonaiton scenario applies In eaCh of these four groups _.__=_

achieved hy crystal separattt)n )', -() _ _wg" v,'c thcrclore

,uggest that these h)w values were t(,_ned clthdr _ [) In small
isolated reetons coohng slowly enough to iracuo_allv crystal-

lira the mattma and having d_mensu)ns large cm,ugn that dif-

tuslon at lower temperatures was not able to era.so the compo-

,,iuonal gradients; ur (2) from parental melts formed _n events

that produced much lower [r contents, a_, ,_b_eo.'cd in some

_mpact melts documented m ordinal' chondrltcs (_ubm. [995).

Such large iractionations can 0c produced dunng _mpact events

by selective volatilization and rccondcnsauon at another loca-

tion of all hut the most rclractory sldcrophdcs.

6. A sCENARIO: CRYSTAI,-SE(;REGAI'iON
FRACTI(}NATION IN AN IMPACT-(;ENERA'IED MAGMA

6.1. Some Constraints

The mare featurcs that need to he explained I_v a successful

a IAB m(xicl arc summanzx:d in Table 4. Among fftc most tmponam

are the elemental fracuonauons m the metal _d the mumate

j._,_tation ot nohlc-ga.s-nch chondnt_c sdicab.:s _th the metal.

The chemlc',d [racuonauons m the four h)w-Au _roups arc now
well defined. They differ from tho_ tn the magmauc groups

both in terms o[ the [imt_d amount el tracttonauon m each

group (with 4 M(] exceptions, only a factor ol 4 m lr: only a

lactor ol I _ in Au) and the higher number ol ungrouped irons

occupying the compositional space near the gr,_ups.
The fracuonaUons observed in our data ._cts arc almost

ccrtmnly associated with metallic melts. In the melts that gave
h_rth to the magmattc groups, the cooling wa_ ,low enough to

permit the magma to remain well mixed (by convecuve stir-

ring) and thus produce fractional crystalli/.anon For this reason
,,llicatcs arc essentially unknown m the m_:gmauc groups.

When present, they arc lractlonated _not cntmt2nt)c_ and some-

times (like the tridym_te veins m IVA Gibeon) appear to be

condensates deposited in cracks.
The coarse silicates in lAB irons are commonly chondritic"

thus temperatures were generally lower than the plagioclase

solidus (brief high-tem0eraturc excursions too short to allow

melt migration may have occurredL These sliicates have high
contents of noble gases; for example/, the compilation ot

• d Franke (2000) shows that spatlation-correeted pri-
2,_ Schultz an .... ,-,-s _m_r "it _,- _ have been

AO:.4 mordial 3°Ar concentrauons .--a.t_, ,.

reported in the silicates ot Campo del Cielo. Landes. l'itts. Udei

Station. and Zagora. These eoncentrauons are similar to thn_

ohserved in whole-rock samples of lightly metamorpho_d

(type-3) ordinary chondntes. Thus the period of time spent at

temperatures > 1200 K must have been quite brief, otherwi_
concentrations would be much smaller. Based on their study of

, Bohumili ,,_aruoka et ai. (200l_ reach a similar c'In_!u..:
'M..G Althou_,_ht_t_ qucsuon whether metallic melts ct)ulu n=v,-
sto - ande h me

observed fracuonations, and that_oitier posstbiliues

survival in silicates that did not reach such high temperatures or

in refractory phases such as graphite that were not destroyed
• the brief lifetime ot the metallic meii[

during ....... ,_ qm-Nd am --4._ %" 0.1 Ga fliogatd
Ages based on Itn-at a,u ,.,

et ai.. 1968: Takeda et aL. 2000). Ages that require gas rcu:n-
,o _,r "_"Ar) are similar, thus diffusionai bl_:kmg

lion (l-Xe.. -

temperatures for the host phase of K and I were reached tm a

time scale of _ 100 Ma or less (Niemeyer. 1979a. 1979b).

Fine silicates arc ubiquitous in irons of the Iow-Au lAB

irons. It appears that. it one searches diligently, one can und

100-_.m grams m each iron. And. when larger grain aggregaxas

are found, they generally have chondntic charactensuc', _the

dominant minerals are mafics, the minor plagioclase is aimUCl.

The challenge then is to explain how the metallic mett.s raut_s-

sary to produce the observed fraetionations could have ..:m.,,tod

without these silicates separaung buoyantly from the mcualic

melt. In our opinion, this can only mean that the viscosity ,,l the

melt became large on a time scale short compared to tr,,z ume

necessary for silicate grains to separate from the melt-
Of course, at constant density of the body. the gravttag:tnal

field scales linearly with the distance from the eenm':.. >..rid

buoyant vclocmes can he quite small near the center "" ".he

body. If we assume that the initial melt had a relauve;y :-'g_

viscosity of _50 poise (equivalent to a heavy syn.ro_. ".he

silicate density was 3.1 g cm-_. the metal melt den.sit? -,,,nn' >_rid

7.7 gcm _. the bulk density of the body was 3.0 gcm

the distance from the center of the body was ! kin. we ca.X.-.;.m_

that a 100-b _m-diameter silicate grain will rise 5.4 m m _- .:.___,tr.

or 45 cm in a month. Viscostues vary exponentially hgt .'-,_"

erately with temperature. Pure Fe metal liquid has an _-ra;-',e,x,m

energy of 44 kJ K- t reel- _ (Brandes and Brook. 1992_. _"
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requires temperatures to drop --300 K to change the vimostty

by a factor of 2. In the scenario given below, the initial melt
included suspended crystals, and the increase in viscosity with

cooling was probably mainly the result of an increa_ in the

fraction ot such suspended crystals.

Not only did the melt coot rapidly, the metal ',d_ c{x_k.'d through

the v-iron field at a relatively high rate. Bared on differenUy

oriented Widmanstatten patmms. Buchw',dd (I97S) rcpon._ lAB

y-iron crystals to have dimensions m the range 2 to ,.It) cm. These

testify to a high-temperature cooling pn_:em tar more rapid than

that experienced by the IFIAB irons, m which _c demonstrated
sizes ot the largest y-iron cTy.Slais arc >2 m iHuchw',dd. 1975).

6.2. Original Mass of the MG Material

An important question is the ongmai mass ol M(; metal. The

problem can be approached by estimating the mas.', Ilux o! M(;
material to the I-arth and using cosmic-ray ages to estimate the

removal (i _nt in the equal on:
• ' .'-" " " __9¢va--_azm-

MJd ( I )

_,t_? where dM/dt is the rate hi mass los,,; and Mts the mass ot
material in the part of interplanetary space that ts Iceding Mr;

meteorites to the l-arth. There are many a._umptions that go

into such a calculation: thus. the resulLs are only illusWattve.

Errors could easily be as much as an order ot magnitude.

Iron meteorites account for _().04 Of the meteorites that fall:

this is the value that one obtains from (;rady (20(X)) after

eliminauon of the results for unclassilied irons. "['he fraction of

irons that belong to the main group is _q_ 15. We thePetore

calculate that O.(X}6 Of the meteoritic matter accumulating to the

F,arth consists or MG irons.

As cmphasi/x:d by vanous authors and shown as a plot hy

Kyte and Wa,_on (1986). evidence from craters suggests that
the mass of accreting material per logarithmic mass interval

increases with increasing mass. For that rea:_on, the results are

(_quite dependent on upper limit on the mass that one uses.
We integrated the mass function recommended hy Kytc and

Wasson for the mass range 102 to Ill '2 g {the upper limit

approximately corresponding to the size ot the MG Canyon

Diablo meteoroid that created Meteor Craterl and obtained a

terrestnal MG mass flux of 9.9.11# g a t We then arbitrarily

increased this by a factor of 4 to allow for removal mechanisms

other than accretion to the t-arth, and hy a factor of 2 to

approximate the amount that was present immediately after the

disrupuon events that started the cosmtc-ray clock running.

The mean MG cosmic-ray age obtained by the 'V_K-'tK

method by Voshage {1978'1 and Voshage and Feldmann (1979)

is 712 Ma. However, Lavielle et al. (1999) showed that these

ages are systematically high by factors of 1.4 to i.5. We

therefore used 500 Ma as the mean MG cosmic-ray age. leading

to a decay constant of 2. l0 ° a-t. From this removal constant

and the estimated removal flux 500 Ma ago. we calculate a

mass or MG material of 2.4 '10t¢' g. or (at a density of "= 8 g

cm-_) a volume of 3 krn _. If, as Wasson and Ouyang (1990)

suggested for Canyon Diablo, the largest members of the set
include large quantities of silicates, then the mean density

might be around 4 gcm -3 and the volume 6 km 3. Of course, as

already stated. Ilaes¢ estimates are very rough.

G. W. Kallemcyn

6.3. Heat Source

The distribution in compositional space of irons from the IAB

complex is much more diffuse than the distributions observed in

the magmauc groups and nearby compositional space. This and

the preservation of chondritic compositions, the preservation of

pl_etary-type rare gases in the silicates, the retention of

g_ in the melL and the small sizes of 7-iron crystals am best
understood in terms of rapid heating and cooling. This tempe*-

ature history seems best provided by large impact events.

It is clear, however, that these events were very ditferent

from the cratermg events that have been well documented on
Farth. Moon and. to lesser degrees, on other planets and saml-
IRes. Such impacts of low-porosity projectiles into low-portmity

targets are relatively inefficient at generating melt (Keilet aL.
1997). Most of the impact energy goes into translational motion

of crater eiecta, and the most heated material is ejected at
velocities that exceed the escape velocity from the asteroid.

In contrasL it the target asteroid is highly porous, the projectile

may penetrate relatively deep. and much of the energy may be

retained within the body. both because comlzression of pom_

matextals leads to a more et'ficicnt conversion of kinetic enetly to
heat (Melosh. 1988. p. 41) and bceausc the healed matelial is

largely buried under insulating (mega) regotith that doe* not

e,u;mpe the body. As noted by Wa,_on (1991). the ideal tarl_, for

producing melt is highly porous (this maximizes the con_mon of
kinetic impact energy to heat), fine grained (the centers of grains

must be heated by conduction), and dry (wet targets lose much of

the deposited heat m the form of eseapmg steam). Bocat_ it

seems clear that most materials _gglomeratea in the solar nebula

were highly porous (as well as fine-grained and dry), such ideal

targets must have been common early in solar-system history.
Even atter the collisional compaqtiqn.ot-tghese early mamtial_ _$1¢ dett$i_

some asteroids such as Mathilde _,_a_'_tgh (micro or macro) r-.-,'d0di=_ _e,
o_ .......... 1 3 "cm 3. V_verka et ai 1999).

poroSltte_ tuuay _.. _ • "" $-!

The mean impact velocity in the asteroid belt is -5 km

(Bottke et al.. 199fl_, and the primordial value was probably AOt=/_l/
abOut the same 4.6 Ga ago. There is a considerable spread in

impact velocities, from -I to 10 km s-t. The kinetic energy

deposited by a l-g projectile moving at 5 km s - _ is 12.5 kJ; it

requires _ 1.3 kJ g t to melt chondritic matter (Wasson. 1985.

p. 77): thus it" this energy is entirely convened to heal there is

enough to melt _9 g of target plus projectile. For a typical

asteroid in the inner part of the Asteroid Belt _20% of impact

velocities are >7 km s- t (W. Bottle. personal communication.

2001): these impacts could melt an amount 2X larger.

Complete focusing of heat into the immediate surroondinp
is. of course, unrealistic. Even if no ejecta escapes the body,

some heat will be deposited into more distant materials. Be-

cause heat transport by conduction is a slow process, the

efficiency of melt production shouM increase with the size of

the evenL Although we are unable to make a precise estimam,

we suggest that large (>100-m) projectiles are capable of

producing appreciable melting, the amounts being comparable
to the mass of the projectile.

6.4. Melt and Crystld Tramport

As shown particularly well in large sections of the Portales .

Valley chondrite (e.g., Fig. 2 of Rubin et at.. 2001), metallic
. :.._.. ;..;_..._ . ÷,.:-..
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Table 5. As_,umea D ,,-,.duesand inlti',.d inch concentrauon', tor the main _oup. These ,,.,,.dues,were w,ed to generate the solid/melt mixing ¢m'v_

pioned m Figs. 5 and 6. Concentralaons tn u.gdg except Co and Ni tn mgJg.

Element Co x. t Ga G¢ _s W [r All
2 7 042 2.9 3.0 0.74

Assumed D value 0.90 ,) _0 ! " t 2.8 1.22 2.60a i.55
Mare-group mean 464 t_8_ '_05 359 1.71
100% melt 4 81 "..t I _8 9 221 16.[ 0.72 !.53_ g 1026 ..t83 958 1.68 3.67 1.40
30% melt. 70% sol,d 4 47

*One [ugh and six io,w Ir valu¢',excludcd from mcm, ,co tcxl

)mpact melts are common in impact-altered cr_ondrates Ac-

cording to Stoffleret at {19ql).tnc"c"m torm ;_tlo`her'.nock

pressures than silicate melts. ()ur mmrc_,_,'n t. ttaat rT_ctalhc

melts arc atso more common man '_IIILAtCT|ICt["It] ,.nondntcstde
that show massive .,,.etntn_ t',cms ab mut_n a_ ,c'oral mm ,w

and se'.eral cm ton2). It thus ,,corns plau,mic th,A mctal-troiute

_,, more easily melted than silicates dunm' lmo,_ct c_cnt_
.

Because silicate and metal melts arc maml,,clhlc and _ro,,,.IV

ddterent m density, metallic melts `hdl tend t_ ,,cgregate. It

their _lscosities are low. they `hill tend to l!o'w down`hard

through the chondntic rubble until the tcadlne edge has copied

_probably by heat exchange _lth cooler _thcatcs) ,u[nclentlv

that it no longer tlov,,,, at "which tlme ,,omc D )ndln'd occurs.

Note that this process suggests that the melt may ,,top flowmg

neat" rubble that expenenced less heatint,, a ,cc_arao that helps

explmn why silicate clasts seem les', thcrmatL_ altered (and
retained noble gases) than ,here the chondnttc precursors

heated to generate the melts.
It is probable that there were some metal grmns that d_d not

fully tacit, and thus that there were abund_" or3 staihzatt°n

nuciei tn the melt. These would have gradualb, grov, n tn size as

the melt cooled. The presence ot these grams m a ,,uDltqutdus

melt v, dl cause viscosities to rise vet-?' qutck u:x)n coohn_. We

,uggest that the melt only needed to t_oOi _ ":() K tO ira0 the

lO0-V.m silicates. In a deeply buried mcit _l,,tde a t_ody m

,hhtch radial temperature gradients ,here estat)hshed h_, con-

ducuon towards the external surface such rap_d coohn_ ,would

not be possible, but a plausible scenario for ramd coohng ot an

_mpact-gcnerated metallic melt mlgratmg ti.rougn _and ex-

chanmn_ heat w_th) crushed silicates that v,c;c nmall', "100

K cooler could surely be constructed.

Returrung to the mim'attng melt scenane, coagulation hi

_hese metallic ermns may have produced _,'cs that were too

large to pass throutzh narrow passage_ m the rubble. Fhcse

coagulated materials would have trapped some hi the melt. This

_,, our scenario for producing fracttonaunn hv cra._tal separa-

LIOlL II _hc [_lct_ihC tEr_lnS _._.crc s_',!_ _,&. .1', '._c tl:_c thc

coagulated match',as were se_egated, the solids and melt

would have been more or less in equilibrium throughout the

settling process.
We should note that the crystal segregauon process envi-

sioned here is fundamentally different trom the fractional crys-

tallization that occurred in the magmattc croups. Fracuonal

crystallization requires that the volume hi 'he melt be semi-

infinite compared to the volume of the gowmg solid interface.

and that the melt remmned well-rmxed dunng dtfferenuai crys-

tallization and sequestering of the evolving solid. In contrast,

our crystal-segegafion process requires that the relative vof

umes of melt and solids be similar and that me compositions of

the solid and liquid under to only minor evolution during erys-

:allizauon. This process is also very. different from the rnelt-

•rapping events inferred to have played an important role in the
,ormauon of group IIIAB (Wasson. 1999_. The latter involved

only a troy fraction of a large magma, whereas in

_eg_gauon the size ot the melt is much smaller and the entire

melt ts involved.

6.5. Crystal-segregation Fractionation

Because the process we envision is very. differcm from

previously published tracttonation scenarios iWasson et at.,
1980; McCoy et at.. 1993L tt seems useful to describe it startLng

with the point where the metallic melt land its load of tiny

crystals) has formed but no bulk fracttonatlon has yet oe,,e_t'rl_.

If we assume that the mare group is ,hell sampled, the initial

bulk composition of this melt is the mean of the main-group

data tabulated in Table 2. This value ts listed in Table 5. We T_
assume that fine (<-100 _m) silicates were distributed uni-

formly throughout the melt.
We also assume that. initially and at all subsequent times, tide

coexistin_ solid and liquid were in equilibrium. Because of the

moderately large amount of scatter, parucutarly on the lr-X

dia_arns in Fig. 5. `he are sure that this assumption can only be

considered a rough approximation.

To put perspective on the elemental fractionations, we point

out some simple consequences of the model, if we assume that

the initial melt was essenually pure melt. i.e.. consisted of

-99% liquid and _ t _c solids, then the imtial liquid would still

have the MG bulk composition. If any of this tiny solid fraction

were to separate, it would have elemental concentrauons equal,

to D×.Xm. where Dx is the solid/liquid weight ratio and X= is

:he MG mean concentrauon of element X. If. in contrast, the

melt had cr,,.stallized and consisted of I% liquid and 99%

_oiids. then ihe solids would have the MG bulk composition,

and any liquid that managed to escape would have elertmntal

.oncentrations equal to X,_/Dx

It is improbable that these illustrauve fractionafions were

ever realized, i.e.. it is unlikely that such early pure solids or

late pure liquids could separate from the relatively rapidly

cooling system that we envision. Small quantities of metal

rmght be teft behind as the liquid drained downwards, but _

would mainly consist of silicates associated with mmum

amounts of adhenng and, intersuual melt. and the solid metal

would probably have such small dimensions that such matm'mls

would not be designated iron meteorites when they fall Small

amounts of late liquids would only separam if there were

hydraulic pressure tbrcing them out of a solid matrix, but

in ml_ole-pfle asteroids will feel no overburden pressure.
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We have theretor¢ ba._d our c.,dculatton.'; ot_ the following

oversimpliliod model. We assume that all the crysr, d-segrega-

lion fracuonauon occurred at the ,same time after some fraction

|: of the melt had crystallized. Until this pomt crystalli/atton

had occurred much tastcr than the buoyant _cparatlon el _olids

(note that tf we had metal and silicate grams the same slm. the

buoyant [downwardl velocity of the metal would bc -'_0×

slower than the upward velocity ol the sl[lcaLCS) and the com-

position o[ m-si/_ or larger parcels of the sohd-mclt mix would

still preserve the initial computation qt.c., the mean MG com-

position1. Separation of crystals and melt now occurred, pro-

ductng the main-group ¢tt_mental Iracttonat|ons.
In addition to as.,;ummg that the M[_ mc.m rcprescnLs the

hulk initial ct)mposition of the melt plus tt._ mt:tptentlv crystal-

Ii/ine solids, wc assume that the hl_h-.,\u extreme t_l Ih¢ main

group approximates the composition el this t'nclt L'onccntra-

trims ol key clcmenL'_ m this initial melt arc h,,tcd m Table 5

We can now write the mass-balance equation

X.. = I"X, * II - } )'X, (2_

where X. and X, rotor to the concentrauons (_1 X lrl the solid

and liquid, respectively. Becau_ X. : t _x X, v,c can atso write

this cquaoon:

X,. = I:'l)x'Xl + (I - IIX, (3)

Collecting terms yields

X,. = Xt'( 1 - F + I:'l)xl = Xt"[ 1 - I .(I)x " I)] (4)

The above assumptions provide us with X,, and X_ for each

clement. There is no unique solution. Instead. wc now roughly

csumatcd I)x values by using the avadablc laboratory data and

csumatcs bared on lilting trends in iron mctcontc groups, then

adiustcd them to give ranges m F that morned rca,,onable ba,_ed

_n viscosity and Stokes" law settling argumcnL',.

I:i_. 6 shows simplilied versions el _lx ,[ the diagrams

,,hewn in Figs. 2 and 3. Only the four Iow-Au groups are

plotted: grouplets and ungrouped irons (17 ,,dies and 1(I in

duos1 were deleted. Because. as discus._d above, the main

group is much better dclincd than mc subgroups, we limit our

detailed di._ussion to reproducing its trends. The curves

through the MG data SeL_ show lits obtained by the above

• model.
crystal-segregauon

The parameters u_d in these liL_ are listed in Table 5. At'_r

trying a range of I),,,, values we set this parameter at 0.74. then

lit the other parameters. From these Dx values, the MG mean

composition, and estimates of the liquid et_mposttion we cal-

culated the degree of crystallitation at the OuL_t Ot the crystal-

,,cgregat|on process to be 35_. These lit parameters arc not

unique; the trends can be modeled with differing degrees of

crystal, separauon and different D× values. We chose D× values

based on laboratory studies (Jones and Malvtn. [990) and based

on ranges we inferred from our studies of the magmatic groups

IIIAB (Wasson. 1999) and IVA (Wamon and Richardson. 2001).

Ik_caus¢ the math-group melt clearly had a high C content (C/Fe

atomic ratio _0.01) and bccaut_ very little is known about how

C concentration affects Dx values, it does not appear to be

possible to use published experimental results to narrowly

constrain ranges within which Dx values should be found.

Them is a tradeoff between higher (and perhaps more plau-

sible) Dx values and lower (anti possibly mum plausible) ranges in

degrees of solid segregation. As noted above, we assumed that the

high-Au ( I.? me/g) extreme of the MG is pure liquid. We then

calcuhted that the low-Au (1.4 rag/g) extreme co_ to a

mix of 30% melt and 70'_ solids. These estimates are consistem

with our impression that the range m melt (and S) contents within
the main group might be around a factor of 4 with bulk S

correlating with Au content- We note. however, that the S omttestt

of most irons is probably lower, if we had chosen higher Dx

values, the amount of liquid at the low-Au extreme would have

been lower and the range of S contents would have been larger.

We argue that any other team that would try to incorporate S

estimates, plausibility arguments about viscosity and ¢oaguin-

tion to tit this many elements hy such a model would ¢hoo_

values not very different than those listed in Table 4.

6.6. Fractional Crystallization

As discussed above and illustrated in Fig. 5, a few lAB irons

with compositions consistent with membership in the main

group have lr contents that art: well below the main-group

range. We picture that these could have formed in rare cases

where pocka:ts ot melt cooled slowly enough to allow fractional

crystallization, if the silicates were the chief heat sink. this

could indicat_ that these melts were surrounded by silicates that

were hotter than those near the bulk ot the group. Although

these regions were small compared to the total main-group

volume, the size of the fractionated regions must have been > I

m. large enough to prevent compositional leveling by solid-

state diffusion, which may have produced appreciable

over distances of 50 to 100 cm.

There are some ca._s of resoivahl¢ compositional variations

within individual mcteorites. The largest confirmed range in the

lAB comptex is about a factor of 1.2 in lr among the Canyon

Diabio irons (Wa_on and Ouyang. i990): because of the very

large size (ca. 5(1 ml of this meteoroid, these different compo-

sitional regions may have been widely separated.

6.7. Comlmsitionai Differences between the Subgrtml m

and the Main Group

There arc quite large differences in the elemental concentra-

tions between the Iow-Ni subgroups and the main group. Here

we will limit the discussion to eight elements, the seven plotted

in Fig. 6 and It. We will limit the comparison with the main

group to sl,H and sLM. the two subgroups most widely sepa-

rated from the MG in composition.

There ts relatively little t'ractionation in Au among

three groups (the mean Au content in sLH is l.tgx MG. that

in sLM is 1.09x MG). and because most of the compositional

fields show roughly parallel trends, it seems reasonable to

compare the elemental concentrations at the same Au om_en-

tration of 1.7 v-g/g. Our estimates of these ratios are listed in

Table 6. The most extreme differences in these sl.kltMG I

range from 2.3 in Ni to 0.017 in Cse.

Because of the similarities in numerous properties itmluding

structure (e.g.. silicate abundance). A t_O. and metal ¢omlmsi-

tioaal trends, it is _ to examine the _

variations in formatintt _ e,oeld have _ theae

groups t_rom the same carmnscema choa_i_ staz_nS matmal_

Wl,_on et al. (1980) and Choi et al. (1995) suggested that -

'1"6

variations in the degree of impma melting could lead to the
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Fig. 6, l_cs¢ six clemcnl-Au d_agram:, arc the most useful for discUSsing com_StUonal differences arm}ng the

_roup and the tow-Au _uberoup_. ,girl Lhc I_,_Iblc iractlonailon processes thai were involved in their iormauon Fhc Cul3tCS

dt'itwn Ij_dlOUg [1 tilL' IT_illH gf_u[3 nil _'_,' [hu' II_LI ill pqHlllg _fodu¢c(J [3_.' i3_lgl/l_ il liquid with a ,,:()mpostllofl n(:_u" file hlgh-Au

cxt_mc ol the group {rightend t,Ithe n_dxln_R CU['VC_ clc E[lental conlenlA hslcd in[able 4) with an cquthbnum sol|dwhos_

Au contcn! tsbelow the lower Au hmnt ol the diagram, l'hclow-Au extreme of the mare group corresponds to a flux

Lonl_0nlng _l')_ ot this solid

mare observed compostuonai differences m lAB (as then con-

stitutgd). For example. Ni contents m h_w-temperature melts

might be high bccat_ nebular condensauon ot S on metal would
rcquu_ removal of Fc from gr, un surfaces icading to an enhanced

Ni content m the layer immediately below tt_c FeS Surticial layers

tit nebular metal might have low contents of refractory [r because

the it-rich condensates were sequestered in silicates or because the
cores of incompletely melted Fe-Ni grams were It-rich (if refrac-

tory metal grams served as condensauon nuclei).
It was suggested that Ga and Ge may have mainly condensed

from the nebula as oxides, and that these may have only been

2.0

reducedin larger, high-temperature melting events. Tungsten is
refractory under reducing conditions and volatile under oxidiz-

ing conditions: its variations could result because W was with
Ir in refractory condensates, or because W condensed as an
oxide and fracuonated together with Ga and C-e. In general.

impact-generated gases should be much more oxidizing than
the H.,-dominated solar nebula. As a result, elements such as
Ga Ge. and W that form volatile oxides may be transported as

gases during impact events, thus producing either enrichments
or depletions relative to the parental materials (Rubim 1999).

Based on these arguments, we conclude that it is plausible
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Table 0. C_mpanson ol elemental cont:cntratlons in _hgnmps ,iI.H

and sI,M wuh those in the mare gn_tp. Raturs cstlmatea at a Au
ctmcentratlon ot 1 7 txg/g for each group.

|-|cmcnl Co Ni (;a (qc ,.\s w Ir

sI.PdMG ratu, I 23 2.3 007 (1017 1 _ tl 14 _)o5
sI.M/MG rauo 1 IS 1.7 0.24 () 077 I _ n 21'; I_ 22

that the low-Au subgroups and gmuptcts ongmated on the ..,amc

parent asteroid as the main group. Becaum this ea.sJlv account.s
for the similar A _O values, it is our prelerred working model.

6.8. Coral _ris°ns wilh previous lAB Models

Numerous research teams have attempted to account for the

textural and compositional properties tH the irons m the lAB

complex. A malor diflcrcncebetween our current mt_cI and _osc

by other teams i Benedix el al.. 2(XXl: Takcda ct at. 2()(1_I: Mt.'fSt_}
ct at.. I t)9_ Kracher. 19851 is that wc rater that the metallic

melt was mainly produced by impact heating, whereas the other

teams prefer internal heat sources such as the decay t_l :"AI.

Benedix ct al.(2(}(|0l use -'",Mto produce l_Vellthologlcs-

then use impacts to mix the_ while the metallic poMions arc

still partly or largely molten. They mention that the lracuon-
ation of the metal was produced by fracuonal cWstallitati°n but

give no details. Our model differs mainly in using Impacts to

produce the melting and to generate silicate CIasL_(although we
could not rule out multiple gcncratioos ol impacts1, l:urthcr-

more. we use crystal segregation to rapidly tractionate the

metal in a way that allows the melt viscosity to increase fast

enough to retain fl.s suspended line silicates.
Wasson et al. (1980J suggested that each lAB or [lieD iron

formed as a separate melt pool having st/cs rangmg from

centimeters to tens ol meters. Our improved data set (which

shows compact liclds and wcll-delined posluvc t_r negative

trends in the lAB main group, i_ well ms parallel trcnds m three

subgroups having similar Au contenLs and. more important.
similar A=70 values) requires a malor mothlication of this

model: it now appears probable thai the ChUte main group

formed as a single melt body. The compositional diH'erences

among the vanuus low-Au groups seem _st interpreted as the

result of formation as different melt pools, possibly within a

single parent asteroid.

7. IMPACT MEI,TING AS A GENERAl, pROCESS
RESi_)NSIBLE FOR GENERATING DIFFERENTIATED

METEORITES ON CARBONACEOUS cHONDRITE
ASTEROIDS

Them are a large number of differentiated meteonte classes

that have O-isotopic compositions linking them to the carbo-

naceous chondntes ( A|70 _-_ --(}.4_). In addition to the sili-

cate-_anng irons in the lAB complex aad their near relatives

the winona_tes, these include the ureilites, the lodranites, the

acapulcoites, the bencubbinites, the Eagle-Station pallas(los.

and numerous ungrouped silicate-rich differentiated meteorites

(e.g.. Hammadah al Hamra 237). A feature that many of these

silicate-rich meteorites have in common is that they are com-

positionailY closely related to chondrics: in many cases the
difference in bulk silicate compositions can largely be ac-

counted for by the loss or gain of a plagioclase-nch melt

It is extremely difficult to produce such materials from chow

dr(tic parents by a heat source such as :6_M that releases its heat

slowly over a period of I Ma or longer: deeply buried chondrilic
materials would reach the same tcmpemmm at tic same time.

Because mechanical tractionaUOnS such as the migration of basal-

tic melts into voids or upwards through cracks or the gravitational

separation of immiscible metal and silicate liquids occur on
time scales that are many orders of magnitude shorter than

those ot the radioacuve heat sources, these effects should occur
more or less uniformly throughout large (kin-size) regions.

if such an internally heated system produces minimal melt-

ing. the first physical phase separations consist of the loss of a

plagioclase-rich silicate liquid and/or an FeS-rich metallic |(q-
uid, leaving behind an intimate mixture of marie silicates lad

metal: textures would be coarser than those in the precursor

chondritic silicates. This process could explain some features of

these differentiated meteorites, but it cannot explain the sium-

uon observed in Campo del Cielo in which the degree of loss

of a low-temperature plagioclase-rich melt is highly variable on

a scale ot centimeters (Wlotzka and Jarosewich. 1977).

If extensive (perhaps 50"Iq reciting is produced, the astemi-

d',d body will differentiate into a central core. mantle, and crust

(Taylor et al.. 1993). it appears that. in the iron-meteorite pat_t
_terotds. such cores commonly fraction',ally crystallized. Thus a

second problem with an internal (e.g.. Z6All heat source is that tbe

heat release must be caretully controlled. Too little _at yields no

phase separation, too much produces silicate-fn:e magmas, extea-
sively t'ractionated iron-meteorite suites such as the IlIAB h'oos.

and classic igneous rocks such as the basaltic eucrites.

In summary, even with small degrees of beating/melting pro-

duced by Z6AI -decay it seems impossible to preserve chondritic

compositions in adjacent samples. In such slowly heated (and even
more slowly cooled) matenal, it also seems Impossible to avoid

• primordial
the escape of rare gases (i.e.. from the sites that contain

eas or _"Ar produced by in site decay of '_). Primordial gas has
_en largely lost from eucrites and diogemtes: where much gas has

been retained (as in uredites), it implies a much more rapid

temperature history. Many additional problems occur if extensive

melting occurs: these include the fractional crystallization of tbe

metal and the buoyant separation or small silicates from the

metallic melt or small metal grains from silicate melts.

l:or the above reasons and also because or textural evidence

there have been many proposals suggesting an impact orig in of

features preserved in the differentiated meteorites (such as
lodranites and ureilites) that were formed by the incomplete

melting of carbonaceous chondrites. We suggest that there are

no proven exceptions to this generalization.

8. SUMMARY

A reevaluation of data on 12 elements in LAB. aad closely

related iron meteorites (including those earlier called IItCD)

reveals the presence of a well-defined main group, three

low-Au and two high-Au subgroups, two iow-Au group(eli.

and 25 related ungrouped irons. The compositional t_nds ire

most sharply defined on Ni-Au diagrams, but differenceai caa

•also be recognized on several diagrams (Co-Au, As-Au, Cra-

Au. Ge-Au. W-Au. and Sb-Au). Beclmse it inchuJel 70+--

members, the trends in the main group arc particuLedy well -

defined. Although there is more uncettaLnty in the subgroup . .--?.

, -.':- --.,.
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trends, it appears that their eiement-Au {iclds are roughly

parallel to those m the mare group. This implies that the trends

in each group were produced by the same baste processes.

There are numerous features in lAB irons that demand a

rapid traversal of the high temperatures necessary to generate

the metallic melt. Among these are the retention m the silicates

ot chondritic compositions and large amountSOL planetary, and

radiogenic gases. The small sizes l)1 the y-iron crystals parental

to the octahedraL structures imply rapid coohng dunng the

traversal ot this T-X lield.

A maior problem lacing those creating tAll models i,_ how to

account for the retention of small (<- 1()1) p.m) s Iit ate grains m

the metallic melts of the lAB complex smcc the._ should

_;,dpar'ate buoyantly on time ,_ales of a .,,,car or tc,,_, In our v_cw.

it is not possible to avoid silicate separautm II "he heat source

_s internal (e.g.. '_AI). Our model retains _c_c sd_catcs w.,htn

a hot impact-generated melt both by qlrrmg the melt as it

moves downward through the largely chondrttc rubble, and by

allowing viscosity to rise rapidly ax the mc_t t:aks heat to the

cooler rubble and crystalllzauon occurs

Ac£nowledemenLr--We th'allk Finn UIII-Mollcr. Il_c= ,n-( ,ak k'h_). L.r)c

Icrde. Xlnwc) ()Uy_fiq_. Jt_hfl Richardson. aJ)d JlanlnM W.-tnl_ Ior A',',t'_-

IAIlCC )11,_,atherlng the LNAA data and AI,gl Rugqn dl;d 14o1_L Id',lt}l) It_r

pciro_raph)c arld t)-I,,oBII_ data and dl_-tu :_'1°11" lh tailed al)d helpful
rcvtew_ were pr,v)ded by Nancy (.'hal'_fl alia AIIrCO I.,r_l_cr A num-

_'r ol _urators prl_v)ded samples, ollCfl ill) rclallV¢Iv _hof't Fhq)Ce.
Icchmcal supl TM w_.'_ prt_wded by ._ydncv /hanz. Imda L.cc. and

Kimbrrlv 1o ['his reseatcrl was munlv .,up[_'tc0 D_.' NASA __rant

,t.Q: ,i N&(;5-4_II and NASA gran__ _hC_5"-/_"/2/,

,4_socu(W editor: C K_cl'_rl
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closely related to the groups or tl_ solo irons discus.sod be'low. For
ct)nvemenc¢ in h_ating these trims on the ligurcs, they are di_ in

()rder of morea.stag Au contents, which are listed (in umtl of _g/l_)

tmmeOtatcly a_ter the namcs,
Tim lowest Au contentsaxe m the Aigamb4) duo. whidl = of

I .ivmgston ITN) 1"1.42) and Algarrabo ( i ,46): these irons plot ndaltvely
ncm the mare group on most diagrams, but Ni and As are higlt. Co and

Ga are low As can bc seen in Table 2 and Figs. Ai and 3, _-

lltgl_ of laxonomlc clcm_flts, w_th the exccplloll Of CO. _ IiIl_ in

the two m)ns. The lr diffcrenoe )s also largc, a factm" of 13; Idlhmq_ It"

is of sctamdary value for cla.._th_tuon, this differenc= is Iailp_ tham

timid be prt_iu_ed by CTySIal r_grcgatlt)n If Dir iS aro_ 3 to 4, u

,_u_=sted m the tCXL rhc O.) dd'fez_m._ of 7% is also slightly laqger
(_lerved arramg MG in_ baying smul=r Au _xacms. Budtwald (19"/51

m_ that the str_ture ol I.ivmgston (T'N)implies shock and t¢or,/sll_-

/.atl(m Ioliowing thC i11ii.1"41formauon ot the Widmalastatll_ _ and

that grapmte _s common. Algarraho is paired with the new iron Ovalle;
detmled structural t)bs¢_rvat.ms arc not avmlable, but IAndnm" and

Buchwald (1985) rep_nl that cohenite and graplme are proem.
Thc members ol the Mundrabilla du.. Watcrvtll¢ (i .63) and Mtm-

drabflla (l.6A). ate FeS-nch irons, closely related to each _ m

structure and composiuon. They arc within the sLL scau_ field on

mint diagrams, but pltrt slightly low on the Ga-. Ge-. and W-Au

diagrams. Hecause of these d|screpanczcs and their very high F-eS
contents, wc list them a.s ung.mped but they could also be d_pamd

anomalous mcm_rs of the sLL subgroup.
The two meteorites of the iSri_u_wn din). Brilslown (1.93) and

Elephant Moraine EE['96009 ('1,981 are. on most diagllml, ioc_l_
mm'¢ or less along an exUapolanon of the sl.M trends to highe¢ Au
values. However. their Ga. Ge. 'and W values are ma_-h higher than

cxp¢ctod from such an exurapoiauon. They are qmtc simflllr to ead=

othe_ m composiuon, me only moderate diffcrcnce_ being higher con-

tents of Ga. Ge. 'and W in Bntstown. A strtkthg shan_d c_lOc iz

extremely high Sb contents of 2100 and 2600 n_g. Bntslown conta_
slliC,al_ and graphite sheaves or s_litcs (Buc_waleL 1975"). P_

in F.ET96009 include stlicamS oonststmg of olivine tEaS) and ollhopy*

roxcnC (Fs7 to 101 mmrgrownwithsulfidesand graplme(,'_ri_
at.. 2,1XX)), simd_" in thLt regard m silicate asscmbil_ m il_ mmn

group and the low-Au subgroups.
The diffenmc¢ m ir ts even larger (a faclm" of 40) _ 111¢two

irons m the NWA468 duo. Northwest Africa NWA468 (2.21) and

Grove M_mntams 98003 (2.16). _ two irons also _ff_ bY • f_

of 4 in Oa, a_l tl_ diffct'¢n_ m C_.mappea_ to I_ si_ ill llllmwd_

diffenmces call into qumuon a cIo_ g_ i _

()rdlnarv ch()ndntes. L_¢o( hml ('l,_nlt_( him 4_ I,_ 55. I_.I_-'_KA7i) H, r"
Iakcda H. lh)gard I) I). Mllllctchldt I) _ a_(d {iarn_t)n L'xl"_l _'ive I)uo.T

(2000) Mmcrahigy. ra2tn)It)gY - chemistry, and "\r and
',ufe ages tit the Caddo L'tlUlltV IAH iron I _dcncc h)r early partr_ c"F : " Phitte_ a.s hlled triangles on Pigs, 2. 3, arid AI arc five pawa of irom;the members i)i these duos are closely related to eac_ o11_. but not

FA!

Wlotzka F. and Jarosewich E. (1977) Mineralogical and chemical compositions of
silicate inclusions in the E! Taco, Campo del Cielo, iron meteorite. Smithsonian
r^.÷. _=_nh Sci. 19, 104-125.
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Ir(ms. rhc concentrau(m ol Ni Is 25_ h+wcr _rl NWA46g than in

(;Mgg(X)_ "lq3csetn+nsph_[cl_scIt,nHH ,,n.,,nodiagrams and close

t. sill.t_ll ._crs.
3"hcmcmncrs ol the Twin City duo SantaCatilannaI_ 6.1)and ['win

City 1367) have very high AU coments t)n _cv :ral diagrams they plol

near an cxU'a_datlon ¢+1the sHH or the ,,HI. +r,ups. hut arc anoma-
I<lusly h_gh on the Ni. Cu. and Sh diaPramm t h,.'v arc ct}mpostuimally

,,cry similar; they share very. high Ni. Sb+ .rod _.u c_nlenLs, and differ

hv only small degrees (10 to q)"Tr) in NL (;J (;c+ and Ir I}uchwald

([975{notes that twin City and Santa Cathanna have very similar

slruelurcs:l_)tharc [_dycmystallinc ataxllcs tnwatch the originalta_mte
din-_nslonswere 2 m _ cm. Buchwald 1107s_ t,hscrvedsmaJl silicatc.s

m Santa Cathanna and not "t_ thai I'win (_'_tv c(,i tams what appear In be

_,thcatcs. He did not lind ca/b_des or graphttt: tn ,.uther mm despite

claims lot graphite in the nmcteenth--cenlutT,' h_craturcJ_)

_Sev(,ntet'n f :ntque Mefeortlcr
In Figs. AI and 3 we show the _)sltl,l_n',; ill the 17 ..d_ meteln'ue.s

rclauve t. the nelds ol the mare group tM(D as_d the subgroups. In the

following' discussion we compare the composmonal properues to th("r_¢
found in the nearest group. La_w-Au meleontes arc only compared to

the low-Au gronps, lugh-Au me.antes to the h_gh-Au groups. As w_th
the al'_)ve duos. these solo irons are dlst.'usscd tn order ol inca'easmg Au

contents.

Elephant Moraine EET84300 (I .29) ha.s the lowest Au c(mtenL If

we accept thc conclUSion that the (pt_rly dctcrrmncOI slopes through

the subgroup li¢lds arc roughly parallel to _sc observed tn the mare

group, then EET84300 could be assigned to sLM (the old ilIC); its

posluons on all diagrams m Figs. 2 and 3 ate consistent with it lying on

an extrapolation of sLM to lower Au value& The reason we are not yet

willing to assign F_.ET84300 sLM is the large gap between its Au and
that of the neare,_t "normS" n_ml_ of _ group. MallahOl_e. 1.60

mug Au {the anomalous sl+M Persimmon Creek. Au = 1.53 rag/g, is
,_li2htlv ch,_,er in Au). Fhe fact that me A t_O of EETg4300 is iAIB-fike.

-O.50_Tre, Is also in keeping w_lh it being closely liP.R_d to tl_ iow-Au

groups including sLM.
Kel_all C,mnty <I._)) has by far the lowest Ni con_m"_t of my

meteorite In the lAB complex; its Co content ts also the lowest. Ilmugh

t)nly slightly lower than that m Mertzon. B<_th these elen_ms plot far

below the mare group.
Elllcott (IA0) has the next lowest Au content, it is mout timely

related to the mare group and the sLL subgroup, but has a high Ni

content and very high Co contem relauve to these.
Ver'miilion l 1.41) is a silicate-bemng iron with redll0ed Wall.q)

olivine accounting for 93cr, - of the silicates, leading to its designatloll as

a "pyroxene p',dlasite" by B_scnberg el at. (2000). It plots just oumde
the left end ot the mare group on our diagrams, generally qmm aesf

Ellicott and EETg4300. It is also reasonably close to an txtral_ation

of sLM trends to h}wer Au. The AlTO of the sthcate, J is -0.76%,

(Clayton and Maveda. 1996). Becaase experimental errors are reid-

lively tugh for olivine-rich samples, this is within the _nty of the

lAB range, the A_70 of law, den is -0.68%,. Although the 61dO ValUe-,

2.24%+,. is --2%o lower than the lowest lAB values, olivine te_ls to
have lower 6t'O than whole-rock chondntic silicates, th 'm the O-

isotopic composluon also appears to be conststmt with Vemallion

being closely mlatexl to the mare group and the Iow-Au sui_mul_
yongning (1.45) is heawly weathered and. for most elemeats, srm-

ilaf to the MG in composition. The Co content is, however, 10_ lower

than mat m reran-group u'om. We cannot exclude that _ rr.fleeta
selectwe weathering loss of kamaett_: if so, it would tequl_ _ l0 to

15% have been removed. Our smaU section has a high cotmmte mmmt...

Geor_town (1.51) is an unusual FeS-d_ metem'_ foundl It
n_of small weathca_d masses m a mining regina of" Quem/amk

Atwffalia. On mo_t diaglmm it pints near an _ _ d'M t°
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Fable AI Meteorites analyzed by INAA t 'hal we a.ssoclate with the large strewn ticlcls Camp() dcl Cielo. Canyon Dtablo, Ode,urn. and

Toluca.

Strewn ticld
Comlx)SlllOnally similar irons received under omer nan.s

Camp() del Cich)

Canyon I)iablo

OdP_$a

Toluca

Malequcn-. Santiago del I-squcro
.a,lbuqu,'rquc. Ashtork. Bl(agty Basin. Camp Vcrdc. Cottonw(xad Falls, Foss|l Spnngs. HeR Towmhip,

Houck. I.a.s Vegas. I.evenon. Mama_oneck. Moab. Pulaski County, San Luis Valley

HcNncy L'rL'uk. Vclarde
Cahlomia. I.ccds. Masua. M(_lezuma. Southern Arizona- Michigan

Iow¢¢ Au c{mtcnts. Its Ct) t,, much lower th.m the trend and its W alnd

(]a arc somewhat at_wc such a Lrcnd..rod t[_ t'u t., higher, but similar

Io thai in the armmah)us sI.M mcmlx-r t'cr_lmm-n L'rcck
MertTJm i1._31 ha.s As _u_ tin _.t)lllCnl% _lmltar Io iho,,.c In sl .I. but

has appreciably higher NI and much h,_¢r L () _,,_hd-mcll partml)n)ng

results in a I_)N)tlVc L 'OITL'l'_lllOIt DVIWCCII lhc'_¢' ,.:l¢fflcntn. thus thC ol'_-
,,Cl'VCd Ir'ac|10naIion ¢ltCCllvClv t'LllCx oul a _.h)sc r¢lallol'lshlp to _;I.l..

()ktihbeha County I I 621 h_Lsmc hl_ht:'.l NI u,)lllCOi Known In

tron mc|el_rttc- Nt is plollcd a.,, aJi upT_.'r IHtul _n llgn 2 and Ala.

I)csp{te this very high NI. the L'o _.OI1|£I)1 I_ III the lAB-M(; to sl.l.

r_l'l_e.
I)aia on ASWlll t I fiT) t.,i)vcr the rant,c ol Ih¢ three tow-Au sub-

groups. NI "and As plot in sl I .. (in and t ic m _1M. ¢-',, m sI.H. l'hc iwo
relractorv hthophlles hdlow thllcren! trends, although It _s rc atlvcly

low. W plols al_)vc all the suhgr-up_
Wo.Chu-Mu-Chin ( I 6_ h_.s h)elL ,I H-hkc N_ ,u_d Co contcnL_.

hut plots in the sl.I. IiChj on (.in- _[P-dAs-Au diagrams, and is thus run

closely rclaw.xl 11) any group
The Cm)kevill¢ (I 7l) data phil ricarcsi I_) the M(i. but Ct) is very

low. Ni and At are h)w. and (in. (i¢. and W c()ntcnLs _rc higher than

MG values.
The Burlghala ( 171 ) data also pha nearest the mare gnmp but Ni.

GO. and W are high. Ga is h)w. and As very h)w
Mesa Verde Park I I.g(B has a mctallur_,lcal surucmrc ch)sety related

to I11¢rectal of Four Comers (Buchwald. 1-97'_L which wc ..,ssign IO the

Udei Station (US) gn_plcl. However. I.,ur t'omcrs has a high conic'or
ol coarse and line silicates Ic.g.. Figs. 7(¢), 770 of Buchwald. 19751

wherea_s no silicates have _en reel,gritted m the structure ot Mesa

Verde Park (Buchwald Fig 1146|. Four C.cncrs is the rrmst Au-nch

mcmt_r i)1 the Udci.Stallon grouplet, bul the Mesa Verde Park value

11.64 u.g/g) _s _llll 109_ h_ghcr. I"11¢Udct-Slat_on gn_uplet d(_zs not

pnx:iucc wcll-dclincd trends on ml)sI diagrams With this caveat in
mmcL the p_)smons i11 Mesa Verde Park in the c)£hl diaerams m Figs.
2 and 3 arc not in_)lLstslcnl with a n_ugh cxtral xdauon ol the Udei-

Siauon grouplct trends to higher Au c'_,nicnls. Nonethclcss. because t)f
the difference in sllicalc contents _ the ct)mposttional gap. we mink

it besl It) [real Mesa Verde park _.s a Ncparal¢ m¢tconre.
On most ol the diagram.s in Figs. and 3 San Cristobai I200) ph)ts

oh)so I{) an extrapolatilm ()I the sI.H trends I() shghtly higher AU
cl)ntcnts. However, iLS (;c cl)ntcm Is high by a I'a"tor ol IO and its Ga

by a factor ol 5.
M($1 elemental conccnwailons to Ventura ( 2,15 ) ate 51mlJar R) th(_,_

in sift., hut me Co content Is 15% higher than the sill. trend and W is

2X hi_hcr.
San_plcs i11 lame Creek (2,2g) arc wc'alhcn:d and the INAA data are

(dd and inct)mplct¢. Nonetheless the.so and our pubhshcd RNAA data
¢l)ntirm thai the Ni is much higher than sHH and silL. and mat mc Ga

and Gc valucs ate >2X higher man the anticipated valUeS based on

exh-apolamms of sLH and sLM trends to the reported Au value.
Conce, ntrauons t)f two elements (As. Cu) in Quesa (2.921 are

roughly similar to those m sHH and sill.: Ni is similar to sHH and Co
similar to sill... However. Ga. Go. and W arc 2x .above the trends of

Ix)th these Snips.A3

Origin o[ the Ungrouped Irons
It does no[ seem wogthwhile in this paper to speculate on the ongm

of individual ungmuped W0ns. We suggest that most of them fogmed m

the same fashion described above fog the mare group: tmpaci-thduccd

m¢ltmg followod by mino_ ammJa_ of solid-melt segregatttm. Because
me mma_ of tl_ OactimmU_ ueada cannm be _m'nan_ °n tim tram

of the postuonS of one of two related tro_s, tt ts not possible m O011fil_i

that the pattcrlt, t arc parallel to those m me man group, in maw/cues
ca_r¢lulI_trograP hie studies will reveal more mfofmauo_. An exatnp_

is the Rubin and Wasson 120021 study of NWA468. in _ they

rcpofl evidence indicaung that its object which is closely _iated to
the Iodranltcs. Iormcd by the impact alwratton of chond_dtic nmllm'.

OF lAB IRONS

We have climinaW.d paired irons 1ram Table 2. Foe example, we

(WIsS_m and Ouyang. 1990) have analyzed many metco_l ongm_ily

bell©veal to i_ independent but that are now aiLflbUtP.dto CattyO_

Diabio, Several mctcontcs have also been assigned to Toluca. Odessa.

Camp() dcl Cich). 'l'hcse arc listcd m Table AI. Al
arc two anomalous lAB mcmtx-rs irom eastern E_

RusSia that arc remarkably simaias in compostuon to Mot'ml0_ _ag-

gestmg mat they arc pmred wire this craier-producmg into.Howeveg.
the dLscovery dcscnpuon of Scclasgen I found 94 km away) seems qml¢

crodiblc and Burgavli was lound 5900 km away m Siberia: thtts. ¢:leaptlg

shanllg unUSual composltttms, we fecl they must be treated as indz-

pend_nt falls. Mot_ mvestigations ate waiTanl_d, including II1¢ po_i-
bility that mmlabeling in mu._cums has occurred.

mteresung case ts Balimger. ['he data listed m Table 2 were

1)intoned on a small spccnncn in the UCLA coll¢¢Uon. Another spec-

imen from the Armmcan Mu._um of Natural History tAMNH) has a

diffePmt composiu(m, mcluding 70 mgtg Ni. 85 mg/g Ga. 2.2 mg/g it.

and 1.55 mg/g Au. i). Blageslce (p¢11('alal conmlumc_a31k 20011

p(xnusout that mere arc histm'tcal records that m_cate mat Wid_m
County was rm)ved to its lastoutdoor resung snc Ia Native Ametman
shnn¢ I tim a ks:aeon near Ballmger. Most o! our data on the AMNH _.$

_al,=ge,_ ,_,,n.sist=twith. be_gmg t:!_:__ __t,w_ ^
County. but lr is ar4wectably lower ( I .Y/J.g.'g I m toe tatua, uta uam tm AQ_ I1

AMNH Ballingcr arc also not t_lstent with it bemg a straytim the

CaiWon Oiabh) strewn held.
Our data show that two Elephant Moramc irons EE'1"87506

F.ET96010 arc clearly pau'ed. Based on discovery Iocauon and me_-

Iogr_ic cxaimnauon, the AnlKcUc mcIcoglla cur_011 had _y

pawed EET87506 with lF_.ETg0'7504 _ F..ET87505. A few y¢Illl I_O
we received from C. Canut de Boo a specimen of a "new" C]dleam tin

called Ovallc from the Concepcion Museum. Our data show it to be

tde_icaJ to me AJgarrabo iron ngteogtte.

II _ that the Uny iron previously called Thomps0a Brook i, a

piece of Mundrabilla. Thompson Brook is unresolvable from Mundra-
bill8 m terms of our stde_le data. A. Bcvan tl)Cnamal conlmastca-

Uon. 2000) notes that Thompson Brook is undocum_te.d wilh legal_ to

discovery Iocaiton and mat its smgtm_ ts conststent w_m it being a

piece of the Mundrabilla shower.

_ REPLICATE ANALYSES. UNPUBLISHED OR REVISgD

"AIRIER 1986

We list m Table A2 all malYaea completed between Use md _ 1985 _"_'_

and July 2001. Stagtmg m 1986 we begm usmg tmifotlaly thick

samp_ wh/dt t_kgcd en_n t_ulting from the seif-al_oqmoa e(
low-energy gammarays. We also added a fourth connt that k'dto _ "

p_mamoa for radionucad_ wtm imif-uv_ _" t d.

:--.. 7 "
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Inch5/21-gca/21 -gcW211702/21_ Input-lst chsK.2ridGW---_'_
• i 2_ .=

lAB ir(ffl-mcte.A_'l_ coral _Icx

l'ahlcA2. IAstol 280 rephcmc nc_,a_m-ac'uvatu)nanalysestamed out at UCLA between Jail.1986 and July 2001. -.--,,--,-,--

NI Cu Ga G¢ As Sb W R¢ Ir Pt An ,,

Cr LL, _g) (_,_g) (_.g]g) (nglg) (_.g/g) (ng/g) (v-g/g) (_'g/l) (/_'/I)mzlg
Mctcorltc

Alexander County
Alexander County

AIgarral_,

Algaff'al_
AIg_'al_ (Ov',dl¢)
AI_ arl'a_ (Ovaiie)
Allan Hills AI.HA76{X)2

Allan Hills AI.HA76002

Allan Hills AI.HA77283

Allan Hills Al.HA772 g't

._dm'atct m
Ann._csm

.r'_noka

Anoka

\noka

r%."Wan

Aswan

Bahll.

I_lahl,Vq

Hallour Downs

I_,dlour I }uwns

I}_hngcr tAMNH_

i_,alhngcr _AMNH_

Italhngcr tUCI .AI

1}alttngcr t UCI .A
lIlschtube

i}ischtub¢

Bitburg
Black Mountain

Black Mountain

Ihg:aluva

Bogou

P,ogou
lh_umtlttz

Ihlhumlhtz

Bolivia

Bolivia
Ilurkhala

Burkhaia
('addo C.untv

C ',_ddo Coulity

Date tgtgtg) Imr/gt

g906 _r_ ._ _6 _ _ 1"_9 ,)41_ -t61 10.5 246 1.63 297 3.65 10.0 1._AIO

8905 2,_ 4 ';S t_¢_(I 14_ 106 _74 118 "2_74 1.83 _65 3.81 12.0 i.4119

8908 22 4 _t_ _'_ I 258 65.0 "H6 14.9 364 1.26 978 10.2 8,1 1.468
_0i xl 4 *_, xl 6 296 66.3 "H7 14.7 356 1.09 812 10.0 8.7 1.4"/0

9912 _, 4 _,2 _o4 289 65.0 294 142 314 0.93 942 9.82 8.9 1.455

,_)12 _,) 4 ._) _,) 4 285 63.7 277 14.1 272 0.93 969 9.84 g.0 1.449

8607 _4 4 41 _4 155 ,_5.5 _58 10.6 296 1.28 252 2.58 1.490

,_(_)5 _'7 4 t_ _,6 4 149 82.5 -- I 1.9 242 1.43 266 2.78 i.440
#}ll) IS 4 94 _'t 0 145 _2.8 297 15.9 30"/ 1.19 221 2.29 6.7 1.'/32

'_X)t ,_ _ s_ -0 7 144 786 3_2 14.3 2.'?9 0.91 192 2.15 17.2 1.6"/0

x_OI _.q _ :4 -') _ _27 _1.4 -- 13.9 502 1.74 399 3.40 _. 1._0

_)2 :_ _ 7() "_4 4XO 79 1 -- 13.1 363 1.00 358 3.54 -- I.$S621 426 <0.08 <236 0.163 <1.6 1.565

,_10 ix ' _ II'_ Igl 176 <100 .4
_611 "_ " TM I17 _ 205 174 <tO0 19.8 535 0.11 38 0.166 <1.2 i.5"/_
,;7(17 _'1 42 1 I_ _ 205 192 < I00 23.0 471 0.11 24 0.187 1.2 1.701

,_(_._ ;< '_1 ,I 0 _17 21.3 <100 169 -- 1.57 <46 0.243 13.7 1.631

,)_12 "1 ,_4 ,,29 126 21.0 <100 16.4 -- 1.75 <57 0.255 10.6 1.709

,_OS 2 t _ _ _ -7 0 i _X t_54 277 16.8 422 0.95 254 2.49 5.1 1.75"9

,)_12 21 _ _o4 1_4 "(;6 230 17.4 660 097 330 2.59 6.1 !.749

St_ _'4 : ,_ _ I I_g _2.3 204 170 421 088 244 2.24 6.4 1.710
gh()7 21 _,st :.;44 1(',4 _76 183 162 "t84 1.65 239 2.09 4.'/ |.6_0

g61I ,_ _ t_) _n _ 122 s2.4 416 I3.6 "_67 1.08 227 2.23 7.0 !.509
x612 17 -1 g'_ e,_g 141 _3.1 _17 13.4 283 096 213 2.16 7.4 1.59_

gfi4)5 '_ -It_l r,_ t) 147 88.3 lgq 118 367 1.24 291 _ 18 4.9 i.4"/0

8606 26 .1 _2 698 149 873 416 12.3 305 1.25 _48 3.21 7.9 !.510

_,001 "_ g OS _'_ 2 139 68.4 -- 17.6 333 0.79 211 2.35 1.620

_¢I)4 22 _ o6 _'_ 6 132 665 212 16.8 _63 069 238 2.40 1.'/40

8610 25 4 _ =67 1"_8 6_.i 19'9 16.5 370 063 1_2 2.22 5.7 1.694

1_61_5 lid _ *7 I_1 _46 _0 I lq_ 35 3 1200 <0.15 <100 1.24 4.7 3.2_
gM)4 27 4 74 _g 9 121 96.4 483 12.1 302 142 "_44 2.87 i.530

1_606 I') 4 '_x M 8 135 95.4 472 I 1.9 240 1.44 332 2.96 9.2 !.500

01(17 176 i 12 x_.5 260 18.2 <100 98 g98 1.12 416 353 6.3 0.MO

X603 24 4 tH _47 164 R1.6 2')2 14.3 320 115 210 1.73 3.7 1.650

8607 2_ 4 h6 71 8 162 77.4 279 14.1 288 103 184 1.71 5.9 !.640

864)1 21 4 st 71 I 137 _1.2 -- 15.7 345 0.94 210 2.04 1.500

_603 I_ 4 71 =2.6 131 749 "_05 15.0 _70 0 82 230 2.03 !.690

86_}5 . 2(1 -1 76 _g 4 162 ')88 418 I 1.0 28,4 l 26 221 2£0 7.4 1.510
')0(15 _"I _ 4_ _,7 2 I 5t) ,}t)5 4'86 12.2 278 147 246 2.04 8.8 1.432

,)(X_ -ix I _;_ 1[_)8 486 <7 6 a.41 12.4 _32 173 753 7 S2 11.3 !.930

'RX)5 _1 4 77 91 6 4_5 "_0.3 4Xa 12.2 677 1.47 765 8.24 13.3 1.602

ggIF) ,,) 4 79 ,P;8 "tg0 66.7 253 131 340 0 88 237 2.48 4.2 1.608

9(X)5 _4:_ _ I I '_l.0 357 "1 7 <400 173 511 1.40 388 2.62 10.9 !.605
4 54 _7.1 174 107 <200 133 450 149 500 36,* q.I i.52"]

Canl_ d Ci (Malcqucnol ,;604 _l_ 280 1.13 250 gSI 7.5 1.53"/
C,unpo d Ci iMalcqucnol 'if'W)5 al -1 66 6 _, 3 149 9_1 406 11.7
Campo d. C1 (Sant.d :stcrol ,}_11) '.1 a fig r,,_ 6 142 ,14 8 400 12.3 237 142 419 388 7.7 1.494

Caml_ d.C (1!1 'laco_ 8612 47 -1 47 _90 1_2 ,89.7 377 10.8 272 1 24 _15 323 6.7 1.402

Carnie) d.Ci (Sam.d.h.stero| 9(KI3 44 -1 _ _7.4 133 t;1.2 316 11.1 212 1.32 363 377 8.0 1.476

Campo dcl Ctclo _6(_ _ l -1 52 694 138 939 382 I 1.3 288 1.32 291 3.22 6.7 1.460
L',lllVOll I )1 ( Albuquerque ) ')412 _l -1 86 "-1 4 149 XO 3 _ 19 12.9 283 0 95 157 2.24 5.9 1.62

Can_¢on 131 (Mamaroncck) 8705 :_ 4 4_ t_7.9 173 _t).5 x61 12.1 407 136 264 2.-¢3 6.6 1.479

Canyon I)i (Mamatoncck) _910 20 4 80 68.2 148 86.5 329 14.7 436 0.95 252 2.51 5.9 i.608

Canyon lh (Sau l.uts Valley) qb_6 _l 4 70 67.2 138 81.9 347 13.0 263 1.03 250 2.46 5.9 1.486
('anvon I)1 (.";,all I.uls Valley) t)()Og 'q 4 ';() _'_6 149 gift 283 13.0 238 0.97 237 2.44 6.4 - 1.520

canyon I)1 Pula.sl_ County 3'H0 2"_ 4 ;4 oTfi t50 75.5 _25 12.2 254 I 20 208 2.11 6.2 1.492
Canyon 1)1 p_ia.skd County ')(_1 22 4 ,)3 705 167 861 368 12.7 297 0.86 2L6 2.26 6.9 !.639

8607 IS 5 60 132.0 248 11.7 <100 23.3 512 <0.10 <10 0,080 1.700
Carlton _', 4 g_ 75.5 160 82.7 312 14.0 400 1.17 152 1.42 1.6.'30

Casey County 8fi04 -- - 284 22.1 470 1.65 180 2.91 9.3 1.591
9307 26 463 67.9 161 104

Chut:k'walla

Chuckwalla

Chuckwalla

Cot fax

Coffax

Comanche or(m)

Colnal_h¢ (if(m)

Cookevtllc

9312 26 4 68 61.8 144 953 492 11.0 1.47 294 2.62 7.4 1.39"/

9412 Xl 4 51 66.0 156 100.6 480 I 1.8 133 1.57 256 2.62 9.0 1.441

8601 20 5 22 108.0 352 55.5 -- 18,1 563 0.55 [49 1.77 1.650

8602 -'_J 5 22 I(_1.0 415 53.7 -- 17.7 513 0.43 123 1.72 i.660

8610 22 5.31 88,5 178 81.2 266 18.5 388 0.91 23_,860 6.5 1.6911

8611 18 4 99 86.8 199 79.8 319 17.5 471 0.95 219 2.950 6.3 1.885

8601 29 4.35 09.1 147 84.5 _ 12.6 292 1.07 275 2.38 1.620
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nc_/21-gca/21-gc_ I 16:071 Art: Article Input-lst disk, 2n_

]. r. wz,_._m and G. W. KallemeYn

-" "rablc A2. (Conunued|

Cr Co NI Cu Ga G¢ .,Xs Sb W Re Ir Pt Au

Meteorite I>ate (_g/g) (mglg) (nngtg) _o.g/gl I_-Ug)q_g) (_g'/g) (ngtg) (_g/g) (ngtg) (Iz.g/g) (/J.g/g) (_g/g)

8603 24 4 _() _ 8 !_.,) ,_89 -123 1-10 290 116 260 2.46 i.810

8612 _'_ 4 21 -_ I t6,7 ,)1 9 _86 13 I 278 1.30 216 2.54 8.9 1.699
8604 _ 4 _7 7f) 6 I _S '_2.5 379 I 1.1 246 1.45 347 2.g6 i.4"/0

8605 _6 -t -1'_ n,_ I 16,_ ,_4 5 -1.51 11.0 "_06 1.38 251 2.82 g.l !.500

8602 ,J7 4 72 7_ _t 16,7 71,4 -- 14.3 270 0.98 284 L02 1,661

q511 I 2 _,_t l 7'_ -I..Vi 5 00 < 100 26.0 597 0.24 <55 0.027 1.4 1.741
9601 la _oI 1_8 424 448 <190 24.4 770 <0.16 <86 0.028 <3.2 1.730

g6l)_ '_ "s_ _1 7 176 899 "_20 15,1 _90 5.67 250 1.62 3.8 1.680

8607 x7 z 82 "_ _ 1_6 70 2 276 11.0 187 1.95 154 1.44 4.9 1,450• - 1310
8611 t, _ I'J '_ 1 17"_ t_ 2 435 17.6 459 1.45 135 1.74 5.2 1.780. '. 1.455

8605 17 _._7 "1 t 1_) _64 239 13.5 "_03 0.92 143 1.79 4.07.3 1.4_1
8610 I _ ._ 7_ ,_t_ 1 1-17 102.5 ..131 12.1 285 1.47 388 4.23 10.|" 4.23 9. I 1.428
t)106 ,_ ._ t__ ,,_ 4 i_1 '_'J 5 500 12.1 _ 1.76 307 4.35- - 199 2.61 5.6 1.42"/
_FU2 2,_ -i _6, _'_ '_ 17_ t_ _ 457 11.7 1.47 4_0

8612 27 .t .x_ "1 I l0 "_'_ 1 275 12.3 "_74 0.96
I'_uneannon 8607 ,_ 4 :,.1 ,._ _ I _7 ._'; 6 _20 12.6 270 1.09 .,7 2.52 4.6 1.540

-,, 7 ,_,; :o9 281 14.7 406 0.81 239 2.88 8.8 1.723- - - _ . 276 2.84 6.2 1.742
t )un_mmon z .x_ 266 16.6 443 0 79
I:lcphant Mor i'.I:'F_ a_3"_ _¢81_ _" ,,i_ _6 8 155 1.70 3.1 !.241
I.Icpham Mot hhl "8333a _6,10 ,_ 4 78 ",1 '_ - - 1"_ _, 120 0.34
I.lcphant Mor I:hlgS"_O0 _18 I tO ,: ,x) :,_ I) I_'_ _q0 104 .- <3.2 1.330
I..Icphanl Mor hl-.Tg43(X] X610 _,q _ n7 ,,_ I 1!)5 a(19 <100 13.9 412 0.30 171 1.96
I..Icphanl Mtw i.lffg7506 _'_)_ x_ < _ _,_S 2 ,_u) 22.6 119 29.1 2754 0.36 267 3.06 5.9 !.949

F.icphant Mot 1:1..I87506 ,_0OI _,fi c , a ',_,_ o 11'_) 23.1 145 29.4 2770 042 241 2.95 10.1 1.964

I.Jcphant Mot hF.T q61x_tl _XX)8 I _ _ _) 20'_ ¢_ 1_129 22 < 150 29.1 2680 0.38 297 312 5.1 1.980

I-Icphant Mt,r I.I:T 060(_'_ (X_09 _(1 _ _ lr_ 2 [ I I_, 22.6 116 299 2576 026 293 "_ 12 5.7 2.03386OI IX _ _2 7'; 4 175 61.5 -- 14.1 135 1.41 328 345 1.430175 61.5 -- 13.1 242 1.59 291 3.47 1.3110
I-Ilicott _1602 i8 -I.so _a7 12.9 295 1.02 181 1.80 6.1 !.5611

hliicott 8804 20 4 ¢,q ¢_,_0 [50 7U 0 - 140 1.77 5.5 1.506
Fmfield. ()H a 81 _ 4 187 82.4 366 133 235 1.04
I.mrlield. OH 8806 Is _74 _ 86 <100 26.0 052 <0.08 <27 0.108 <1.1 1.720

8611 11 <,_,_ 17_4 " 724 <0.06 <21 0104 1.680
Fiillinge 8612 [ _ ,_,6 179 I _,68 3 90 < 100 26.7 5.5 1.647
I.Ollingc 8612 4q _ (I'_ _8 5 262 47.7 188 15.6 550 0.57 205 2.46
Four Comers _ I_l _16,4 257 51.7 146 16.9 450 0.65 258 2.39 5.2 i.625

Four Comers 8705 It) 2.18 <100 29.8 1313 <.094 <81 0.019 <2.3 1.900
8709 I | _ _,1) 2 a2.6 6,62 <30 0.012 < 1.8 1.890

I:reda 8801 tO h lq 2_7 9 6,79 2.08 <100 30.3 1090 <1)8
Freda 9412 22 4 7_ ,7 u 1_5 85.3 333 13.7 262 0.94 154 1.82 7.5 1.591

(;ahanna _503 I x ._ _7 7_17 182 85 5 -- 12.5 430 0.98 287 1.91 4.5 1.6021

Gahanna 0101 " 6,01 1_84 x')4 10.3 <100 22.1 248 (I.13 <30 0.135 1.8 2.34

Gaxdcn Head (1101 ,_ 674 L-I.45 261 6, 16 <125 25.4 Vt8 0.51 <50 0100 3.5 2.47

(lay Gulch 9306 279(1 ¢ I_ '_() I _47 583 251 Iig.4 170 (1.72 <45 0.251 3.6 1.518
• ._ 8 _-ra 456 14.2 0.72 <51 0.210 2.9 !.322- -- 12 0,240 2.6 1.571

(ictzrgetown 9307 4_1 -t 6,1 208 16.0 473 (1.50 !.480
Georgetown 0105 1611 4 _ ,_7 7 162 59.0 306 1.55 318 "_06

/ict_rgctown 8602 IS -1 ,,tll r,,4 0 149 t)0-8 -- I 1.2 5.9 1.660
(iladsltmC ttrt,n) 4 89 _; _i 1_0 68.4 263 16.3 414 (1.88 211 2.14

8906 _6 " 285 16.3 395 139 210 2.15 5.7 1.6315

Ch_,sc I.akc 8%'08 26 4 81 _55 160 70.9 214 2.17 6.2 1.611
(i,_sc l.ake 8910 _11 _. SX -_ 4 167 68.8 "51 16.6 "165 091
(;t_sc Lake ,', 4 8S 82.0 198 71.9 "55 161 _73 0.88 186 2.00 5.5 1.722

Grosvenor Mm GRC_5511 c_O3 -- 195 736 242 16.5 323 0.84 186 1.97 7.0 i.667

(;rtvsventa" Mm GRO95511 9t.g_ 16 4 8i,l _1.5 408 0.62 <40 0.070 5.l 2.11

Grove Mountams 914003 (X)02 1"_ _ t_4 14.*8 "_75 6.75 < 100 21.8 5.9 2.21
Gnwc Mountams _8003 (k-')04 I1 6, 84 1478 866 716 <100 21.g 400 0.58 <66 0.065
Guangxt Coal Mine 9808 24 4 6,3 6,,_ 1 158 _5 3 410 13.4 332 0.98 210 1.86 6.0 !.558

Guangxt C,ral Mine 9903 25 4 59 72.2 173 83.9 356 13.6 371 1.06 165 1.83 4.6 1.60_9905 12 _ (17 12.1 108 22.2 <1130 10.8 <200 0.27 <31 0.061 3.3 !.302

Gun Creek 8610 "1 4 87 X6.8 2')4 61.1 180 17.0 353 0.63 260 2.73 6.7 1.599
Harlowtown 17 5 6') HI3.9 180 23.2 <100 27.2 436 0.20 <32 0.212 1.6 2.30

8611 174 21.9 < 100 25.9 265 0.22 < 19 0.263 1.4 2.50

Hasst-Jckna 8612 18 5 _7 1123 a12 13.5 "_33 1.08 233 2.62 3.7 !.550

Hasst-Jckna 8603 24 4 66 72.7 149 84.5 - " 258 2.50 9.5 1.533
Idaho 8604 23 4 65 72.6 156 82.0 265 12.9 274 1.03
Idaho 8806 24 4 68 72.8 156 86.0 353 13.2 259 1.06 264 2.51 5.6 1.546
Idaho 8610 28 4.68 63.7 120 940 508 11.5 289 1.27 220 2.54 9.7 !.4110

Itapuranga 8604 _a 4714 70.3 150 85.8 329 10.4 280 1.26 152 t.47 !.500

Jaralito 8603 I_ 4 64 68.4 150 87.1 410 12.6 370 1.02 270 2.12 I.Y/0

Jenkins 8604 "_l 459 740 158 90.0 342 13.1 319 1.26 255 2.23 1.640309 _ _ 2.56 8.4 !.728-- 5.8 1.534

Jenlm_ 8608 22 465 72.1 -- 304 14.1 392 t.0t 240 2.36
Jcnny's Creek 24 474 67.6 149 85.2 303 2.40 5.7 1.540

Jenny's Creek 8611 133 76.8 310 13.1 363 1.268704 19 4.71 65.6 (omdJmm_l)
Jenny'$ Creek

Ct_kcvflle

Ct_,kevtlle

Cooia_

Ctx_lac

CoplapO

Dayton

Dayton
I _eettontem
I"_eUtmtem

IXelfonlem

I'hmglmg
Duel Hdl 11_731

I)uel Hill 11871)

Duel Hill (1871)
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lAB iron-meteorite complex

_,- - Table A2. tConUnued)

Meteorite

Cr C_, Ni Cu Ga Ge As Sb W Re Ir PI All

Date (_g./gt (me/g) (re_e/g) (rig/g1 (Pg/g) (_'g/g) (rig/g) (nglg) (t.tlg/g) (ng/8) (14/I) (_,/8) (i.ql/g)

Kaalharv

Kaaiqarv
K_-'_ Kloof

K_r_c Kh_f

Kendall County

La Sercna

I.a Serena

Lamgsa

I.andes
Landes

l.ewts Cliff I.EW 86540
l.ewts Cliff LEW 86540

I .mvtlle
I .tnw(_d

[ .tvtngston I'N

I .lvingston IN
I.uedcrs

I_ueder_

Magnes,a

Magma
MadlMIoh¢
Maltahohc

Mayerthorpc

Mayermorl_

M_.aptl

MaZapll
Mertzon
Media Verde park

Mesa Verde park

Misteca

Mi$teca
Mistcca

Mistcca

Mistoca

Mornll

MOlTIII
Mount Avhlt

M(mnt Ayhll
Mount Howe HOW81¢40_l

Mount Howe HOWR8403

Mundrabtlla

Mungmdt

Mungmdt

Nagy-Vazsony

Nagy-Vazsony
Nantan

Neptune Mountmns

Neptune Mountains

New i.ctpztg

Niagara

9412 2,g .1 'tl "_ 3 165 82.1 311 17.0

9503 17 4 70 7_ 5 153 78.2 -- 18.0

8608 4_ 4 76 y,4 8 228 81.7 341 14.7
8607 _6 4 h,4 _l.g 227 75.8 274 14.0

8611 189 I o4 _7.6 4_1. 76.6 360 10.5

9003 lg 4 75 77.0 199 70.6 190 16.1

9004 I_ 4 77 7'_3 162 70.4 246 15.6

8607 14 _ _(/ I840 _16 12.9 <100 24.9

8604 4_ a 44
8801 17_ -_ '_1

,K)OI t2 _(15

0105 I I _ 16

8602 14 .4 47
Ng04 _1 4 12

8806 :4 -_ 14

9412 2,29 a 7'_

455 1.00 226 3.07 8.0 i.712

690 0.87 266 3.00 <3.6 i.641
4,10 1.18 102 1.34 9.0 1.539

480 1.31 92 1.26 6.5 i.580

721 0.93 243 2.18 9.3 1.3"/2

380 0.66 80 0._19 3.2 1.690

362 0.66 <48 0.547 3.4 i.640
588 <0.04 _-300.048 <0.6 1.690

_-,6.4 635 89.2 487 10.6 238 1.39 293 4.24 1.450

64 7 _19 _2.6 485 9.18 274 1.35 416 4.23 12.5 1.392

1_7.1 459 431 <100 29.6 37 <0.08 <30 0.044 <_1.3 1.806

178 7 4t_8 429 <100 27.9 730 <0.06 <21 0.043 2.0 1.820
1<66 _'76 _30 <100 31.5 "c_6 0.11 <37 0.018 1.6 3.06

_)0 I _7 88.5 -- ll.8 271 1.16 288 2.88 1.484,

-_ 5 297 _).5 288 13.4 239 0.82 qO 0.812 4.2 i.431
"6 7 296 64.7 258 13.4 548 0.84 78 0.783 5.2 1.391

-t) 4 _0,4 _0.8 464 12.1 308 1.28 273 3.91 6.5 1.519

t)503 _ax 2 s'; "0 7 -u)5 79.5 372 12.2
g602 22 ' _5 loaO 256 14.3 < IO0 24.0

_602 _2 _ _7 _.t 3 138 98.3 -- 10.5

9103 14 , aS

9204 t g ' 17
8603 21 ._ 76

8604 27 .z 74

8605 < 25 .: '/6

0101 17 .a '*_0

8{_)2 7() I 19

8612 22 : 7_
8705 I "_ _ 02

8612 ')1 -_51

8608 27 _ 62

g607 20 4 '_

8608 12 _ 74

8612 ,)_ '_ '_8

8608 14 4 80

8607 I x 4 78

9312 2"_ ..t _2
0412 2S .; NI

O008 ttn_ a _ I

tll03 _tl g 4 t6

8601 124 4 _)7

8704 I_ 5 51

101.9 172 25.3 <100 19.1
125.3 154 22.7 < I00 19.3

_,,,,4 1"_9 80.5 261 15.5

:2.3 138 77.3 332 147

,_78 222 57,0 228 17.0

,_t/2 192 57.5 t25 17.6
,)4 0 668 65.4 -- 12.5

126.0 a49 540 125 16.5

1o5.6 100 58.5 184 167
.,i3.7 172 68.2 256 18.1

_8.2 166 70.7 352 19.3

'_0.3 1645 66.0 225 17.4

'ff38 172 73.6 378 21.0

,s2.3 167 66.6 260 18.3

'_45 299 07.0 291 16.1

-')5 254 61.6 260 15.1
_q 2 125 gO.I 308 15.5

'_,14 142 859 355 15.9

,',* I _89 22.4 <100 119

,14 I _74 21.7 < I00 11.9

7_ I 116 60.6 -- 16.7

121 253 18.2 <33 22.5
243 18.7 <50 22.2

263 18.2

2g.4 182

321 13.0
14.1

254 14.7

-- 11.3

244 17.5

8709 14 5 48 120

8906 21 .1 (,'4 S0.4 189 72.5

8910 I-_ < {)5 x,25 188 75 3

8605 lO 4 6_t 7(1.2 149 83.1
8601 24 4 75 70.1 149 77.0

8603 12 4 7(] 74 0 148 70.4

8602 2_ 4 e-,,4 6_ 5 /_0 o'_6

8902 tl _; 14 77.5 164 72.7

_80 1.18 300 3.87

224 0.22 <48 0.140

172 1.66 347 3.71
482 0.16 <50 0.180

0.23 34 0.161

320 1.62 240 2.15
_05 0.94 229 2.22

4(18 0.77 389 5.49

"_54 0.6,4 395 5.69

560 0.90 180 2.30

502 0.58 226 2.11

436 0.50 293 2.21
440 0.80 305 3.16

522 0.70 279 2.77
549 0.73 205 2.05

557 0.73 313 2.75

433 0.78 318 3.18

4_5 0.93 198 2.05

419 091 188 1,85
0.79 280 2.26

287 092 228 2.21
0.93 56O 4.67

248 0.99 529 4.72

6.6 1.494
2.71

1.4,4S

1.2 1.623

2.5 1.321
3.1 1.620

1.660

1/700

10.1 1.689

1.540

4.3 1.993

5.4 1.703
7.1 1.872

8.0 2.07

2.46

2.13

7.1 1.870

7.9 1.640

6.5 1.640

5.4 1.632
8.4 !.633

8.8 1.234

7.1 1.265

421 0.53

466 <0.07
496 <0.07 <410 0.575

422 0.88 282 2.25
J19 0.75 271 2.79

319 1.00 158 1.75

290 0.90 162 2.21

_40 0.92 240 2.18

202 1 44 2S0 297

377 0.78 293 2.94

115 0.910 1.610

76 0.590 <1.0 1.720
1.5 1.610
5,9 1.730

6.3 1.841

6.3 1.490

!.$90

3.6 1.660
1.422

5.4 1.781

8906 17 4 85

6. ! 1.745

Niagara "_18 17.7
Nt.'lh West Africa NWAI76 13011 523 4 14 ,_6.6

North We,_l Atrtca NWA176 0101 ";','7 -1 14 '_q4 2_1 19.7

N(_III West Alnca NWA468 (_X)4 _ - 22 I I') 2 2_2 31.3

North West Alnca NWA468 0006 a_ 7 16 117.8 243 30.6

Oco_llo
9008 19 4 69

9103 26 4 6O

9312 29 4 76

9412 "_1 4 92

8606 25 4 "_6

8606 23 461

9312 27 4 80

9412 _5 469

8603 24 4 70

8606 32 4.70

OcoUllo

Ogallala

Ogallala
Oscum M ounta]n,s

Osseo

Ozrc_

Ozmn

Pan de Azucar

Pan de Azucar

_;02 180 71.9 291 16.5
137 9.12 133

439 9 72 66

124 22.9 421

109 22.7 441

70.1 112 74.1 300 13.9 332

71.6 120 70.4 276 13.5 326

_0.8 155 68.1 309 15.7 373

78.3 142 69.4 292 16.1 308

70.3 157 76.6 317 11.8 265
67.1 161 92.4 463 I1.1 287

693 134 79.6 331 14.2

72.4 144 7%4 368 13.9 230

67.7 166 80.6 332 12.1 310

71.9 176 87.6 386 12.5 294

378 0.82 245 2.50
1.02 359 3.56 7.8 0.853

129 351 3.67 0,2 0.870

,).62 292 2.80 4 2.25

0.67 270 2.70 3.9 2.17

0.84 302 2.60 4.9 !.650

0.78 213 2.61 6.0 1.679

1.02 310 2.42 6.6 1.629

1.12 212 2.43 4.8 !.643

1.24 268 2.95 5.4 !.500

1.62 610 6.04 1.560
1.10 194 2.61 4.0 1.569

0.94 200 2.58 5.6 1.602
I.il 290 2.75 3.6 1.500

1.17 318 2.91 !..560

(oalltma_)



I

i rich5/21gcav21_gca/211702/213088d02ai smyt  i s=7 t 4]9/02i 16:07! A,_;c.,+ I InDut-lst disk. 2nd CW-lrm !
=

28 J T W=tsson and G, W Kallcmeyn

= Fable A2. {Continue, d)

MeI¢otIIe

Cr ('** N1 Cu Ga (;e As Sb W Re Ir Pt All

Date (_.g/g) rmg/g) =mglg) (_.gtg) (;,tg/g) (ggtg) t,.gtg) fng/g) (gg/g) (nglg) (,,g/g) (gg/g) (Izg/Ig)

I'ccq_,t I-scarp PCAgI(XC_ _t06 _2 4 t_l _7 _1 134 78.6 _13 12.8 240 109 335 3.63 5.8 1.408
,_ .t _q -r-_ 6 162 _6,5 -- 13.1 610 1.13 210 3.59 5.9 !.599

Pota,'a i:.scarp IK?A91003 '_307 -_
Pine River 86(17 ._ 4 4',* '_05 153 53. I 177 12. I 380 0.66 242 3.01 5.0 1.360

Pine River 861(I ,_ -I 86 sO.3 211 75.3 205 16.0 315 0.68 285 3.04 5.3 1.637

Pine Rnvcr 8704 1-1 a _-t .,4 3 227 6¢t.8 254 15.4 413 0.70 310 3.06 4.6 !.620
Pills s607 14 -_ ,_g 122 _94 34.7 102 19.8 ')26 0.39 132 1.17 3.1 1.780

Pills ghlO IJ. _ 47 l _I "_ _x3 _5.8 64 20.6 896 0.30 83 1.27 <1.9 1.660

Pittsburg _ ,_ -t _2 :'t 0 145 'J2.1 374 14.6 322 L.13 269 2.12 7.3 !.640

Pittsburg s6111 12 .t 7"_ _ 5 120 1t2.4 379 14.6 260 L.03 200 2.13 5.4 _ 1.621

pqm1_ 86117 -t.z _ _.1 _g I 188 78.9 309 I 1.7 324 1.06 235 2.68 !.$10

Purgatory I'cak A77(X16 xTOq I a -t t_g -4 "_ 154 792 293 14.4 402 0.92 204 2.32 5.3 1.6111

Purgatory I'c'ak 677(X16 s,_lO ___ _. 71 70 0 t_ 770 272 14.7 287 0.93 223 2.26 5.4 1.50"/
Quesa I '; i - ,_ ,_l 1244 164 38.2 ¢: 100 _1 0 117 0.53 <35 0.087 <!.5 3.03
Redlields sg(bl << z ;_7 hg 4 _17 38 < 100 15.5 =108 0.54 89 1.016 3.1 1.1139

Redlields xg(k_ _-1 .I '__ _U 4 _18 403 107 15.5 108 0.57 125 0.955 2.6 1.841

R'cdlicld_, ,,;_Ot/ _- ..z'_'_ :_ 7 '_2 38 9 t00 14 8 151 0.49 101 0932 <!.9 1.809

Rifle _6(1_t __,, z _,_ ,_'_ 6 1_7 78.5 _(18 14.6 310 0.81 230 1.940 3.3 1.640

Rifle _,,_12 '" A 7"_ ,_'_ I 128 7"_5 288 14.2 342 0.85 204 1.936 5.8 1.566
Rifle ,,,t_14 _'' ..1r_,_ "1 2 136 77.1 276 145 _i9 0.85 223 1.959 5.5 1.5_6

R(z,s.arlt_ 86_)2 24 4 _ _.1 149 ;_73 -- I1.8 237 1.09 196 1.88 1.5J4

San Cnst_hal _,70,4 i " ¢_ 22 249 '._34 I 1.1 < I00 28.9 2168 <0 09 <33 0.324 <2.9 2.050

San Crtslobal ,._412 I_ ¢_t12 2Y52 .53 I 1.5 <120 30.0 2141 0.18 <43 0.334 2.3 !.947

Santa Ca(hanna 86OI _l 15 14 '_7'_0 13q8 501 < 100 38.2 2670 028 < 132 0.030 3.65

sarms _h()l I, 4 _ _,44 136 96.2 -- 12.0 251 129 250 2.02 1.480
Sardis 8603 t 7 .z s6 70. I 140 I00 472 12.2 300 1.31 280 2.00 5.7 1.560

Sarcpta 86112 12 .1.(_ 6'; 8 147 99.8 -- I 1.6 387 1.36 415 4.36 !.4161
Seligman _611 _'_ 4 _0 67 5 159 90.4 457 I 1.8 332 1.26 294 3.27 7.2 !.442

Seymtmr 8602 t_ 4 _4 _,_ I I60 87.1 -- 12.8 204 1.01 202 1.73 1.$80
Shtcwsbury 86OI 2[) 4 _4 _48 218 61.9 -- 17.2 431 0.59 251 2.81 l.'r_o

Shrewsbury. 860_ I a 4 ;88 s6.8 215 64.0 160 17.3 430 0.62 270 2.74 3.2 1.780

Silver Cr_,wn 8603 2_, 4 _1 6') 7 143 83.4 320 12.6 300 1.02 300 2.76 1.6.t0

Silver Cr_wn 8604 _1 4 61 784 142 84.8 288 12.9 323 1.00 281 2.85 1.690

Srmthvllic 8612 21 4 6(I 705 156 87.5 329 13.3 361 0.86 215 1.91 5.7 1._70
S,,ledad¢ 8610 2() 4 70 6,4 8 130 96.2 _'h') I 1,2 290 1.35 378 3.91 8.3 1.470

Soledadc 8611 _'2 4 4 X 708 164 101 450 11.0 351 1.50 407 3.88 I1.0 1.460

Sor(m g80q is _ 48 133.6 _31 12.9 <100 23.9 578 <0.16 <24 0.006 <0.9 1.566

Surprise Springs _._112 _" 4 75 xl.3 I'/I 65.4 221 14.3 .4.00 0.72 240 2.36 4.6 1.686

',,:,urT_sC _prtngs ,_412 _4 ..t ,_4 77 6 1'_5 712 _25 176 385 (184 24.4 2.37 4.6 1.621
I_.cwcll _12 i _ :, ')1 lTt) l _67 47(1 <I(X) 26.4 730 <(I.04 <14 0.094 <2.7 1.680

I'hiel M_untatns 111.91725 ,_06 2_2 4 _ 84.3 170 75.4 243 132 502 t.04 283 3.68 7.5 1.515

I'hiel M_untalns 1II/11725 ,'_O7 I,_'_ ..z76 76 5 178 71.8 -- 12.2 480 1.00 210 3.65 4.8 1.542

I'homl_on Br_a)k 8704 l_ 5 !)3 ;'65 136 59.7 18,4 17.0 435 0.62 109 1.04 4.3 1.660
l'ulu¢a Nueva g/(04 r,.,t 4 _,_) 799 223 55.5 201 15.7 305 0.66 188 1.69 4.4 1.632

hduca Nucva 8806 _" 4 77 ,',;44 287 6(I.6 218 15.3 347 0.69 166 1.57 5.2 1.726

Twin (.'_ty 0101 _, '16 _062 1154 438 < 100 391 2240 007 <77 0021 2.2 3.64
Udei Stature 8611 58 4 87 '_88 256 68.8 184 15.1 607 0.59 148 0.687 3.6 i.563

Uruacu _._'18 2'/ 4 65 647 148 91.0 345 11.8 251 1.26 322 3.36 8.7 1.472

Uruacu q_H)9 2s 4 67 63.8 142 88.3 470 11.4 290 1.25 332 3.37 8.9 1.444,

Vemullltm '._511 2(} 4 ;,16 76.4 121 479 140 13.3 <200 060 234 2.02 3.3 1.446

Verrmlhon 9503 e,t 4 _9 745 123 444 -- 12.7 <500 0.57 240 1.90 <2.0 1.383

Victtma West 8709 I _ 5 70 125.6 157 16.3 < 100 28.9 420 0.20 <22 0.035 2.8 2.814

Waldron R_dgc _)O3 _') 4 71 778 261 78.1 297 I 1.7 270 10.2 220 2.22 6.4 i.487

Waldxon R_dgc _g)5 _" 4 60 _1.4 291 77.9 356 12.3 330 5.14 256 2.22 6.6 !.504
WatcrvlilC 8601 < )3 478 76.3 151 65.6 -- 15.5 432 0.68 41 0.38 _ 1.604.

Watervfllc 0105 _7 4 I_9 77.3 154 71.4 204 16.4 300 0.79 30 0.373 3.1 1.681

Wedderburn 0107 I(I 6 12 232.0 529 1.41 <100 32.7 1190 <0.09 0.058 2.4 1.997

Wol_y 9103 51 457 66.1 t21 85.3 428 992 224 1.51 408 4.79 9.8 1.37_

Wolr_y 9104 45 4 47 _6.2 153 100 489 I 1.0 292 1.61 546 4.93 10.7 1.536
Wo(gibme 8606 I{11 <54 '/7.5 163 34.8 140 18.2 _ 0.74 24,1 2.02 6.0 1.520

W_bme 8607 50 5 30 _2.6 171 36.0 120 17.4 505 047 173 1.93 47 1.700

Wu..Chu-Mu-Chin 980_ If) 5 _ 225. I _37 46.6 111 20.3 845 0.64 263 2.68 6.8 1.704
Wu-Chu-Mu..Clun 9806 20 5')7 218.3 764 49.7 245 21.7 750 0.87 260 2.59 6.3 !.6511

Yenbeme 8604 23 464 73.8 164 84,3 324 12.7 282 1.09 370 3.49 1.550
Yenbeme 8605 4.79 67.5 153 80.8 299 12.4 451 0.97 278 3.52 5.7 1.520

Yongnmg 0101 43 3.74 63.3 151 89.1 821 9.66 215 2.17 426 4.24 11.2 1.425
(comlnned_
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[able A2. (Conllnucd)

.%4CICorllC

"ft_undegm ( IN f'g)l t_

Youndcgm I IN001 _-))

Ynundegm t IN I 167 I

Youndegln {IN116X)
Y_mndcgm {WAM)

Ytsundcgm I WAM )

ZadTra

/,agora

/.ag_n'a

/agora

/.apalmamc
Zapahnamc
/w

/i/

(at _-, i _ Cu (;a Gc %s Sh W Re Ir Pt Au

t}atc t_gcgt qme. g ,melg_ I_.e/g_ ,_tg/g) I_g/gl tl.tgtg) (ngtg) (_g/g) (ngtg) (gg/g) (gg/|) (/._1)

8601 -'_ ,l,_tJ -I " 126, ',27 -- 12.7 258 I 18 213 2.23 1.4110

8605 _1 ..t _ -_ ,t le_,_ x'_ 8 "_56 I'_ 5 297 113 218 2.11 5.1 1.550
X(',05 _ 1 .t _-2 ,,,I 4 I_ I '_4 4 x _0 12.7 "_06 1 07 22.2 2.09 51 1.500

S_)_ -'! 4 .', _ -;_ X I "='_ ','J I "U)l 13.X 401 0.99 211 2.17 5.9 1.680

87(14 2'_ 4 r_. ,,. _ 141 '_1 4 _24 122 258 1.06 244 2.08 4.7 1.490

S7fl5 2 : _ _.2 ,,x X I _.6, ", _6 "_'X) 12.5 381 1.06 188 2.27 6.4 1.565

x_)4 -':" _' '* -" I I_) -'_ ,_ 221 15.2 "_23 0.73 <33 0.06 i.670
*X()l , _,e_ a ','_ .,x 7 l'*'l _,1 4 <240 138 336 1.02 231 2.58 7.0 1.417

xx(14 , a '2 ,,_ fi _1 a "2.7 289 15.8 368 0.77 295 2.87 6.2 1.787

I_l()l :,, a ,I ,_ 6, _'_X -_ 2 127 16.4 147 0.87 271 2.93 6.0 1.749

(_x)2 "" -_ __ "- 6, I _x ,,7 ,_ _48 12.5 251 1.20 196 1.81 6.2 1.495
_(x)_ "" ._ :l) ,.e, _, 1_'2 _,_)4 _16 III 218 1.33 207 1.82 5.5 1.436

,_1_ :' : ,*x ", I I:X '")q' 179 III 154 I11 213 2.10 6.11 1.499

,_1)11 :: 0, ._ ,,'_ '1 t42 ,,7 3 424 102 IX0 I 29 207 2.03 6.9 1.423




